



Fatigue crack propagation threshold in 




A thesis submitted to the University of Birmingham 
For the degree of 
DOCTOR OF PHILOSOPHY 
 
School of Metallurgy and Materials 

















This unpublished thesis/dissertation is copyright of the author and/or third 
parties. The intellectual property rights of the author or third parties in respect 
of this work are as defined by The Copyright Designs and Patents Act 1988 or 
as modified by any successor legislation.   
 
Any use made of information contained in this thesis/dissertation must be in 
accordance with that legislation and must be properly acknowledged.  Further 
distribution or reproduction in any format is prohibited without the permission 








In the present study, the effect of lamellar spacing, volume fraction of equiaxed gamma 
grains and lamellar orientation on fatigue crack propagation threshold have been assessed for 
three as-cast γ-TiAl alloys, Ti45Al2Mn2Nb1B  (4522XD), Ti45Al2Mn2Nb (4522) and 
Ti46Al8Nb (at %). The influence of alloying elements, Nb and Ta on fatigue threshold was 
also studied with five forged alloys, Ti45Al2Mn2Nb1B, Ti45Al2Nb2Ta1B, 
Ti45Al2Mn2Ta1B, Ti45Al2Mn4Ta1B and Ti45Al2Mn4Nb1B. The fatigue crack 
propagation threshold tests were carried out at 650°C in air at a stress ratio R=0.1 and 
frequency of 10HZ. In addition, the microstructural characterisation of fatigue crack growth 
fracture surface was also examined by SEM.  
The samples assessed for fatigue crack propagation threshold failed mainly by translamellar 
fracture and interlamellar fracture. Interlamellar cracking occurs in lamellar colonies at any 
lamellar orientation at high stress intensity factor, ∆K, while at low ∆K cracking occurs in 
lamellar colonies only when the lamellar interface is parallel to the fracture plane. Therefore, 
the fracture behaviour is determined by both lamellar orientation and ∆K. 
The fatigue crack propagation threshold shows little sensitivity to lamellar spacing and 
volume fraction of equiaxed gamma grains with 4522XD variants in the studied range. 
However, it shows a strong dependence on lamellar orientation with coarse-grained 4522 and 
Ti46Al8Nb. The highest threshold was obtained in lamellar colonies with the lamellar 
interface parallel to the stress axis while low threshold was obtained in colonies with an 




a lamellar interface may help to open up new cracks ahead of the main crack by intersection 
with cross-lamella slip or twinning. The alloying elements, Nb and Ta do not influence the 
fatigue properties for samples with similar microstructures, confirming that the fatigue 
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Chapter 1.  Introduction 
Titanium aluminides have been studied for over twenty years because their low density, high 
specific strength and good oxidation resistance suggested that they would be excellent 
materials for low pressure turbine blades. GE formally announced that two stages of GEnx 
(General Electric Next-generation) LPT (low pressure turbine) blades would be in TiAl 
material in 2006 and the engine was certified in the following year with TiAl blades. Rolls-
Royce also defined a strategy to apply TiAl in their Trent XWB LPT blades using the alloy 
Ti45Al2Mn2Nb1B (Ti4522XD), which is the main alloy studied in this thesis.  
Due to the intrinsic brittleness of TiAl material, the design method for TiAl applications is 
based on damage tolerance of the material and fatigue crack growth threshold is the most 
important property. Previous research in this area was mainly focused on the effect of 
microstructure on crack propagation under various stress conditions in a number of individual 
alloys. The major conclusion was that the lamellar microstructure offers better crack 
propagation resistance than other microstructures such as duplex and near gamma 
microstructures. In this earlier work there was little emphasis on cross-alloy studies on crack 
propagation behaviour because almost all the properties in TiAl are sensitive to 
microstructures and it is difficult to obtain identical microstructures in different alloys. 
Therefore, the work described in this thesis aims to achieve a fundamental understanding of 
factors which influence the FCG threshold properties in a number of alloys which have either 
different composition, closely similar microstructures or same composition, different 




Chapter 2 presents the overall literature review including a general introduction to 
intermetallics and titanium aluminides (TiAl) including crystallography, phase diagrams, 
microstructure and mechanical properties. Since the fatigue crack propagation threshold is the 
main topic of this thesis, the literature review on fracture mechanics in fatigue and fracture, 
and the fatigue crack propagation behaviour in TiAl alloys is highlighted. As Ti4522XD and 
Ti46Al8Nb are the main alloys in this study, an introduction to these two alloys is given after 
that. Finally, the background and the aim of this project are summarised. 
Chapter 3 describes the experimental methods used in this project, which includes the 
materials and the main analytical methods. Ti4522XD is the baseline alloy, and four 
modifications containing Nb and Ta are studied to assess the effect of alloying elements on 
properties. Different heat treatments were carried out to provide different microstructures. 
Both coarse Ti4522 and Ti46Al8Nb have been studied in order to define the effect of 
lamellar orientation. The details on sample preparation, microstructural analysis, mechanical 
tests and fractography are described. 
The results and discussion are divided into three chapters considering the different studies on 
fatigue crack propagation threshold. In Chapter 4, the microstructure and mechanical 
properties of the main alloy Ti4522XD with slightly to moderately different lamellar 
microstructures are presented. The mechanisms of fatigue crack propagation behaviour of 
TiAl alloys and the microstructural characterisation of fracture surfaces are discussed. The 
comparison of different microstructures was designed to study the influence of lamellar 
spacing, colony size and volume fraction of equiaxed gamma grains on fatigue crack 
propagation threshold. In Chapter 5, five alloys with different compositions but similar 




properties and fatigue crack propagation threshold are given. In Chapter 6, the 
microstructures of coarse Ti4522 and Ti46Al8Nb are presented, and the influence of lamellar 
orientations of fatigue testing samples of both alloys is determined. The test results and the 
relationship between lamellar orientation and fatigue threshold are given. Possible 
mechanisms of lamellar orientation effect on fatigue threshold are discussed.  
The main findings and conclusions are summarised in Chapter 7 together with suggestions 





Chapter 2.  Literature review 
2.1 Introduction 
2.1.1 Intermetallics 
Intermetallics, or intermetallic compounds are clearly defined as the solid phases, which 
contain two or more metallic elements and optionally one or more non-metallic elements with 
different crystal structure from other constituents by Schulze in 1967 [1]. Intermetallic 
phases are formed when the metallic bonding between unlike metal atoms is stronger than 
that between the like. The intermetallic compounds, with ordered crystal structures, have 
particular properties which may include high strength, elastic stiffness, creep resistance and 
low density.  However, accompanying these advantages, there are also some disadvantages. 
The main disadvantage, common to virtually all intermetallics is their poor deformability 
(brittleness). Overall, the properties of intermetallics are between those of metals and 
ceramics. 
2.1.2 Titanium aluminides  
Titanium aluminides are recognized as the most promising candidate materials for low 
pressure turbine blade because of their low density, high elastic modulus, excellent oxidation 
and creep resistance and good high temperature strength. There are four types of titanium 
aluminides in the TiAl system: α2-Ti3Al, γ-TiAl, TiAl2 and TiAl3, depending on their Ti/Al 
ratio, with their own ordered crystal structure. However, TiAl2 and TiAl3 compounds get least 




of intensive investigations for over twenty years. Table 2.1 illustrates the comparison of 
physical and mechanical properties of titanium alloys, titanium aluminides and nickel-based 
super alloys [2]. Obviously, compared with titanium alloys and Ti3Al based alloys, γ-TiAl 
based alloys show better high temperature properties, and the operational temperature can be 
over 750°C, which makes it possible to replace some nickel-based superalloy components in 
aircraft turbine engines. Nevertheless, due to the intrinsic brittleness of TiAl-based alloys, 
they suffer from low room temperature ductility, poor fracture toughness and high crack 
growth rate, which increase the possibility of failure, and design of components made from 
these alloys has to take these factors into account. 
The compressor, the combustion chamber and the turbine make up a gas turbine engine. For 
each part, there is a particular function and a specific material requirement. The primary 
categories of the materials used in turbine engine are nickel-based superalloys, high strength 
steels and titanium alloys, as shown in Fig.2.1[3]. Titanium alloys are normally used in the 
compressor section of the engine near the air inlet as their operating temperature is well 
below 600°C, while nickel-based superalloys are used as the compressor blades in the hottest 
and high-pressure part of the compressor and also as the turbine blades. Titanium aluminides 
are the potential alloys for some components, such as low pressure turbine blades and high 
pressure compressor stators. In fact Ti48Al2Cr2Nb (Ti4822) has been used in the latest 
engines by GE recently and Ti45Al2Mn2Nb with addition of B (Ti4522XD) will be 
introduced as low pressure turbine blades by Rolls-Royce. Apart from aerospace, TiAl alloys 
are also used in the automotive industry. The most successful application of titanium 
aluminides is that more than 20,000 turbochargers have been fitted to top of the range Lancia 




turbochargers are cast using counter gravity casting, which builds up experience of casting 
technology, and eventually, safety-critical components can be manufactured by this route. 
Thermo-mechanically processed valves have been used in Formula 1 cars for many years 
(where cost was not an issue), but revised Formula 1 regulations no longer allow their use. 
Engine tests show that TiAl valves will give a power increase over stainless steel valves of 8% 
due to the increase in rpm allowed. However, the costs of TiAl valves are significantly higher 
than those of 21-2N steel for normal cars because of the large amount of scrap and the 
increasing cost of raw materials [4, 5]. With the developments of casting and melting 
achieved by the aerospace industry these problems will no doubt soon be overcome. 
2.2 Gamma titanium aluminide (γ-TiAl) based alloys 
As mentioned above, there are three main intermetallics in the TiAl system: γ-TiAl, α2-Ti3Al 
and TiAl3. Nevertheless, gamma titanium aluminides (TiAl-based alloy), normally, refer to 
alloys that contain both single phase (γ) and two phases (γ and α2) [6]. Therefore, the 
crystallography of these two main phases is reviewed.  
2.2.1 Crystallography and phase diagram 
According to the accepted binary Ti-Al phase diagram by Schuster in 2006 [7] (Fig.2.2), the 
two phases α2-Ti3Al and γ-TiAl exist over a wide range from about 22% to 55% at.% Al. In 
the region of interest, there are two peritectic reactions L + α → γ, L + β → α and one 
eutectoid reaction α → α2 + γ. Because of the poor ductility and fracture toughness of single 





The crystal structures of α2-Ti3Al and γ-TiAl are shown in Fig.2.3[8].
  α2-Ti3Al has an 
ordered Strukturbericht Designation D019 hexagonal crystal structure with a composition in a 
range of 22-39% at.% Al content. TiAl is the γ phase, and it has an ordered L10 face-centred 
crystal structure up to its melting point at about 1460°C which can exist with the aluminium 
content in a range of 48.5-66%. The α2 phase and γ phase follow Blackburn’s orientation 
relationship [9] during solid phase transformation:  
{111} γ // (0001) α2; <110>γ // <112̅0> α2 
2.2.2 Microstructures of titanium aluminides 
Generally, gamma titanium aluminides are categorized into two groups – single γ phase 
alloys and two-phase (α2 + γ) alloys. The properties of single phase alloys cannot be changed 
by heat treatment in the way that multiphase alloys can and single phase alloys are therefore 
not useful for commercial application due to their low ductility and fracture toughness. 
Normally, after different heat treatment, a two-phase γ-TiAl has four distinctive types of 
room temperature microstructures, near γ (termed NG), duplex (termed DP), near lamellar 
(termed NL) and fully lamellar (termed FL), as shown in Fig.2.4 [10]. The mechanical 
properties of TiAl alloys are strongly dependent on their microstructure. Therefore, it is 
important to understand the characteristics of these microstructures. 
2.2.2.1 Near γ microstructure 
 NG microstructure, consisting of equiaxed γ grains and a few α2 grains, is obtained by hot 
working and subsequent heat-treatment at a temperature where the γ phase is the dominant 




toughness and poor elevated-temperature properties. The homogeneity of the NG 
microstructure depends strongly on the chosen hot working conditions.   
2.2.2.2 Duplex microstructure 
Heat-treatment in the (α + γ) phase region, after hot working, at a temperature where the 
volume fractions of γ phase and α phase are approximately equal leads to a duplex (DP) 
microstructure, which is composed of equiaxed γ grains and lamellar colonies. The growth of 
both γ grains and α grains is limited as expected in a two-phase alloy. Therefore, the 
competitive growth results in a fine mixture of grains. The α grains transform into lamellar 
colonies during cooling. The duplex microstructure, with homogeneous and fine grains, has 
the highest strength and best ductility but the poorest fracture toughness [11]. 
2.2.2.3 Near lamellar microstructure 
Heat treatment near but below Tα, (α transus) where the predominant phase is α or slow 
cooling after solution treatment in the α phase region [4] leads to a near lamellar 
microstructure (NL). NL microstructure is composed of lamellar colonies, consisting of α2 
and γ plates following the Blackburn orientation relationship, as the dominant constituent and 
fine equiaxed γ grains as the minor phase at lamellar colony boundaries. 
2.2.2.4 Fully lamellar microstructure 
Heat treatment above Tα and not very slow cooling leads to a fully lamellar microstructure 
(FL) with large lamellar grains [10]. The fully lamellar microstructure has good fracture 
toughness and creep resistance, but reduced strength and ductility compared to duplex 




fine fully lamellar (FFL) microstructure exerts good balanced mechanical properties such as 
strength, toughness and ductility. Therefore, grain refinement of fully lamellar microstructure 
is very important. 
A lot of work has been done to control the grain size. By small additions of B, the grain size 
can be refined and also the homogeneity can be improved [12-15]. Alloy elements, such as 
Ta, Nb, W and Al concentration, also affect grain refinement in TiAl-based alloys [16]. 
Thermo mechanical treatment, such as control of cooling and heating rate, is used to obtain a 
fine lamellar microstructure [17-19]. In addition, different cooling rates can also produce 
different microstructures, such as massive, feathery, Widmanstätten lamellar, lamellar or 
granular gamma, as shown in Fig.2.5 [20]. 
2.2.3 Development of gamma titanium aluminides and effects of alloying 
elements 
2.2.3.1 Development of gamma titanium aluminides 
During the early 1950s, American researchers found the outstanding high temperature 
properties of binary alloy Ti-50Al, but the research was given up because of the low room 
temperature ductility. After intensive investigations of alloys with different compositions, a 
two-phase TiAl alloy, Ti-48Al-1V (0.1C) (at %), which shows an elongation up to 2% at 
room temperature was developed by Blackburn in the early 1980s. However, the overall 
properties of this alloy were not competitive with the aerospace engine materials at that time. 
Extensive research was carried out in late 1980s and early 1990s and several alloys based on 
Ti-(44-48)Al were found of engineering importance, such as Ti-48Al-2Nb-X (X=Cr, Mn, V, 




general composition of Nb about 5–10 at.% with small addition of C or B was studied for 
their superior mechanical performance compared to traditional TiAl based alloys, and its 
foreign object damage (FOD) tolerance appears even better than the nickel alloy IN718 [21, 
22]. A TNM alloy, with the composition of Ti-(42–45)Al-(3–5)Nb-(0.1–2)Mo-(0.1–0.2)B), 
was designed to offer a better hot working capability with the benefit of removing most of the 
beta phase through heat treatment for improved creep resistance [23, 24]. Ti-46Al-8Ta is a 
cast alloy, developed around 2007, transforming massively from alpha to gamma at low 
cooing rates, allowing samples up to 20mm in diameter to have fully massive gamma 
microstructures after air cooling which could be converted into fine convoluted 
microstructures through simple ageing or HIPping to improve room temperature ductility [25, 
26].  
2.2.3.2 Alloying effect on properties 
The properties of TiAl alloys which are affected by alloying can be divided into two groups 
according to the apparent effectiveness of alloying. In one group the properties show obvious 
improvement after alloying regardless of their microstructures. These properties are 
oxidation/corrosion resistance, creep resistance and tensile strength and ductility in the case 
of precipitation hardening. Even though the creep resistance of TiAl alloys is strongly 
dependent on microstructure, the alloying effect is still applicable. Properties in another 
group show less alloying effect or alloying effect is closely related to microstructures. Such 
properties are tensile strength and ductility, fatigue strength, fracture toughness and fatigue 




The refractory elements, such as Nb and Ta are added to improve the high temperature 
capability of γ-TiAl alloys by enhancing high temperature strength by solid solution 
strengthening, increasing the oxidation resistance and creep resistance, regardless of the 
microstructure [27-30]. Of these elements, Nb is the most important and it improves the 
oxidation resistance significantly up to 900°C. The effects of Nb on oxidation can be 
summarised as follows: (a) Nb substitutes for Ti in TiO2, resulting in a decrease of the 
concentration of oxygen vacancies, which retards the diffusion of oxygen; (b) Nb promotes 
the formation of TiN at the scale/subscale interface, impeding the diffusion of titanium and 
oxygen ions; (c) Nb increases the thermodynamic activity of Al, and thus promotes the 
formation of a stable alumina scale. However, when the content of Nb in TiAl alloys is too 
high, Nb decreases the oxidation resistance because of the formation of TiNb2O7 or AlNbO4 
in the scale [27, 28, 31-33]. In most researches, Ta has been found to have a weaker influence 
on the oxidation resistance than Nb [29, 34].  
Apart from the significant improvement of oxidation resistance, these refractory elements are 
also reported to enhance the strength of the alloy by solid solution strengthening; especially 
Nb. Liu studied the effect of Nb addition on the microstructural characteristics and properties 
of fully lamellar, near fully lamellar and duplex microstructures. The results show that only 
slight influences of lamellar spacing and volume fraction of α2 phase are caused by Nb 
additions of 8% and 10%, but the yield strength of TiAl-based alloys is significantly 
increased [35, 36]. Nb is also found to benefit creep resistance by increasing the activation 
energy of diffusion [37].  
Small additions of Mn can improve the ductility in two-phase γ-TiAl alloys, increasing the 




obvious influence in single-phase TiAl alloys. One explanation is that the Mn addition 
occupies Al sites and reduces the c/a ratio by decreasing the c value of the γ crystal, 
suggesting that the covalent-like bonding is weakened. Mn is also reported to promote the 
formation of deformation twins. However, more Mn addition does not further enhance the 
properties [38]. 
Al has significant effects on microstructure and mechanical properties and the effects on 
mechanical properties are through its influence on the amount of α2 phase, for both duplex 
and lamellar microstructures. With decreasing content of Al, the volume fraction of α2 phase 
increases, and decrease average lamellae spacing. It was reported that with a reduced Al-
content, the alloys have smaller grain size, higher yield strength and strain to fracture 
[30][39]. However, there is some debate whether the existence of α2 phase or the refined 
microstructure contributes to the improved strength. It is reported that the fracture toughness 
decreases with the increase of Al content in the wrought TiAl alloys with both duplex and 
lamellar microstructures [40]. However, no microstructural parameters, such as colony size 
and lamellar spacing, were given in the reference. Therefore, it is controversial that whether 
Al content or microstructural parameters contribute to the influence of fracture toughness. 
β-stabilising elements, such as Cr, W, Mo, Ta and Nb, can introduce a third phase, β or B2, in 
γ TiAl alloys. B2 phase can improve the workability of γ TiAl alloys. Moreover, it is found 
that the existence of B2 grains is favourable for the refinement of the microstructure and high 
temperature deformation. However, different elements show different beta stabilising 
strength. A small addition of W can give rise to the formation of B2 phase, while for the same 
effect, a large amount of Nb is needed. However, large additions of these elements can cause 




Boron addition has a pronounced effect on grain refinement for as-cast TiAl alloys, and the 
critical level of boron content required to refine the grain size varies with Al concentration 
and alloying elements [12]. Possible mechanisms of grain refinement have been widely 
debated. All mechanisms for the refining of the microstructure consider the behaviour of 
borides or boron during solidification and the importance of the boron content. Larsen 
pointed out that more than 1.0 volume percent TiB2 in Ti-47.5Al-2Nb-2Mn (at %) refined the 
microstructure because of the insolubility of the boride particles during melting[42]. Inkson 
proposed that the borides precipitated first during melting and then these precipitations served 
as the nuclei for the solidification [43]. Godfrey observed the shrinkage at the base of 
dendrite arms and inferred that the broken-off fragments of dendrites contributed to the 
nucleation [44]. These three mechanisms cannot explain the role of B in all alloys. Cheng 
proposed a mechanism based on constitutional undercooling in the liquid ahead of the 
solidification front associated with the different solubility of B in the liquid and solid phases. 
This results in the formation of borides but more importantly to the nucleation of new grains 
ahead of the solidification front, which leads to grain refinement [12]. Titanium borides have 
a significant influence on the tensile ductility of TiAl alloys. The ductility is relatively low 
when large sized titanium borides precipitate, which is often observed in highly-alloyed TiAl 
alloys (such as Ti–44Al–8Nb–1B). The large titanium borides cause premature failure in as-
cast samples leading to a poor tensile ductility. Refinement of titanium boride precipitates, 
will give rise to a much better tensile ductility.[45].  
Small additions of C and N can also refine the microstructure, thus increasing the yield 




creep resistance through C in solution and precipitated carbides. Si can also benefit creep 
resistance in the same way as C, by Si in solution and by precipitating silicide [42, 47, 48].  
2.3 Mechanical properties 
2.3.1 Deformation mechanisms 
The deformation behaviour of TiAl alloys suffers from typical characteristics of other 
intermetallic compounds, such as low ductility, strong dependence of yield stress on 
temperature (relative to the brittle to ductile transition temperature) and orientation [49, 50]. 
The deformation behaviour of gamma titanium aluminides is closely related to its L10 
structure. Fig.2.6 [51] illustrates the potential slip and twinning systems in γ phase. 
Dislocation of Burgers vectors 1/2<110>, 1/2<112̅ > and <011> glide on {111}. Plastic 
deformation of γ-TiAl can also be achieved by mechanical twinning 1/6<112̅ > {111}. 
Mercer et al. [52] found that for quaternary and quinternary TiAl based alloys, twin 
boundaries generated upon crack loading during fatigue, served as barriers to reversed 
dislocation motion during unloading. These barriers cause an increase in the irreversibility of 
slip when both slip and twinning occur as a crack tip deformation mechanism. It is also 
proposed that the fatigue crack tip deformation in quaternary and quinternary TiAl based 
alloys occurs either by a combination of conventional slip and twinning or solely by 





2.3.2 Tensile properties 
The tensile properties of γ-TiAl depend largely on the microstructure and grain/ colony size, 
lamellar orientation and to a lesser extent on the alloy additions. The yield strength of TiAl 
alloys varies between about 300 MPa to 650 MPa at room temperature. Fig.2.7 shows the 
effects of microstructure and grain/colony size on the tensile properties [10]. Obviously, the 
reduction of lamellar colony size of FL microstructure from ~1300µm to ~250µm can 
increase the yield strength from ~300MPa to ~ 500MPa. This observation is also appropriate 
for near gamma and duplex microstructure [51]. The yield strength at room temperature 
indicates the Hall-Petch relationship between yield stress (σ0.2) and grain size (d): 
σ0.2=σ0+kyd
-1/2, thus grain size refinement can lead to strength improvement. However, for 
lamellar microstructures, there is some debate whether the lamellar colony size or the 
lamellar spacing acts as the microstructural length parameter d to affect the yield strength. 
The yield strength is sensitive to lamellar spacing at both room temperature and elevated 
temperature, exhibiting increasing strength with decreasing lamellar spacing [53].  
The tensile properties are also affected by lamellar orientation. For polysynthetically twinned 
(PST) crystal alloys, ky
PST is also determined from a relationship of φ-dependent flow stress, 
where φ is the angle between lamellar interface and the loading axis, as shown in Fig.2.8. As 
the deformation occurs on {111} planes, when the stress is applied parallel or perpendicular 
to the lamellar planes, φ = 0° or 90°, representing the hard orientations, the shear deformation 
proceeds across the lamellae. Therefore, the specimens are very strong, showing yield 
strength of 200-400MPa and 550-750MPa, respectively. However, when the stress is applied 




less or not impeded by the lamellar boundaries, low yield strength of about 100-200MPa is 
observed [49]. 
The tensile ductility of two-phase γ-TiAl is characterised by a brittle-to-ductile transition at 
BDTT which ranges from about 620 to 800°C for the typical strain rate of 1×10-4 s-1, 
depending on the microstructure. A brittle-to-ductile transition temperature (BDTT) is 
defined as the temperature at which the elongation rises to 7.5% [50]. As shown in Fig.2.9, 
the elongation remains stable and increases gradually with increasing temperature below 
BDTT, but increases rapidly above BDTT. The yield strength only decreases slightly with 
increasing temperature below BDTT, regardless of alloy composition and microstructure. 
However, the yield strength drops rapidly above BDTT [51]. That is because of the 
acceleration of twinning when the testing temperature is over BDTT. Recrystallisation also 
occurs, and fine equiaxed grains are formed. Actually, the fracture mode is strongly affected 
by testing temperature. At low temperatures, transgranular cleavage, including translamellar 
cleavage and delamination is dominant although intergranular failure is still found. Around 
BDTT, dimples start to appear on the fracture surface and tend to take the place of 
transgranular cleavage. Above BDTT, dimple fracture and intergranular failure become the 
main fracture mode [50].  
The alloying elements play a significant role in the tensile properties. As stated in section 
2.2.3, the addition of Nb [35, 54, 55], Ta [54], Mo [56] and W [53] is reported to improve the 
tensile strength by solid-solution strengthening. Cr, Mn and V are reported to improve the 
ductility of TiAl alloys. Liu indicates that the increase of high temperature strength caused by 
high Nb content is mainly because of the stronger friction stress of moving dislocations 




2.3.3 Creep properties  
The creep properties of TiAl-based alloys are strongly dependent on grain size [57-59], 
microstructure [60-62], alloy composition [48, 57, 62] and applied stress [60]. The addition of 
C, N and W improves the creep resistance of gamma titanium aluminides [48, 57, 62]. Fully 
lamellar forged and cast TiAl based alloys have far better creep properties than other 
microstructures [60-62].  Zhu found that compared to near lamellar microstructure, the 
stabilized fully lamellar microstructure showed a lower minimum creep rate and a longer 
rupture life, as a result of the lower number of γ grains. γ grains are claimed to accelerate 
dynamic recrystallization and onset of grain boundary sliding (GBS), therefore increasing 
creep strain rate [60]. Es-Souni also found fully lamellar microstructure showed the lowest 
creep rate but highest extent of primary creep, shown in Fig.2.10 [62]. This is because of the 
relaxation of the mismatch structures and coherency stresses present at the lamellar interfaces 
as a result of the emission of dislocations from the interfaces, as discussed by Appel [63]. 
Maruyama[58] studied the influence of lamellar spacing on creep strength of fully lamellar 
TiAl alloys, pointing out that decreased lamellar spacing leads to slow creep rate, especially 
at high stresses, as shown in Fig.2.11. However, the effect of lamellar spacing reduction on 
creep rate diminishes when the stress is lower because of the increasing contribution of 
dynamic recrystallisation and interface sliding. Chen [64] indicates that small lamellar 
spacing and planar grain boundaries increase the creep resistance, while larger lamellar 
spacing and interlocked grain boundaries decrease creep life, increase the minimum creep 
strain rate and tertiary creep strain. Especially the creep behaviour in tertiary stage is affected 





2.3.4 Oxidation behaviour  
The oxidation behaviour in γ-TiAl alloys is affected by several factors, such as alloy 
composition [65, 66], oxygen partial pressure and environmental atmosphere [67, 68], surface 
status [69] and microstructure[70]. Maurice [71] studied the initial stages of oxidation 
behaviour of two phase γ-TiAl alloys at 650°C under low pressure conditions and found that 
there were three stages in this process. The first stage is called pre-oxidation stage and it is 
characterised by the adsorption of oxygen species. When saturation is reached, the oxidation 
of aluminium occurs, which is the second stage. During the second stage, an ultrathin 
alumina layer forms and grows. Due to the limitation of transport of Al in the alloy, the 
growth kinetics of alumina layers is restricted, so Al is depleted in the metallic phase 
underneath the oxide. When a critical concentration (Ti82Al18 and Ti75Al25 on α2-Ti3Al and γ-
TiAl, respectively) is reached, titanium oxidation occurs, and the third stage starts, 
corresponding to the oxidation of both aluminium and titanium. The oxidation behaviour also 
has an influence on mechanical properties in γ-TiAl alloys, such as the reduction of tensile 
strength and ductility at both ambient temperature and elevated temperature, especially 
ductility [72, 73]. 
2.4 Fracture mechanics in fatigue and fracture 
2.4.1 Introduction of fracture mechanics 
Fracture mechanics is a branch of engineering science that is concerned with failure of 
materials due to crack initiation and propagation. There are two fundamental approaches for 




2.4.1.1 Griffith’s energy balance approach 
Griffith’s pioneering work on brittle fracture of glass in the 1920s exploited a new field of 
mechanics of materials, fracture mechanics. Before Griffith’s work, it was known that the 
theoretical fracture strength of glass was based on the breaking of atomic bonds but the 
laboratory fracture strength was far below the theoretical fracture strength. Griffith believed 
that this discrepancy was due to micro cracks in the glass and these micro cracks which acted 
as stress concentration generators could propagate when the applied load level was far below 
the theoretical strength [75]. In Griffith’s energy balance theory, the total energy U of semi-
infinite plate of unit thickness containing a through-thickness crack of a length of 2a is 
considered to be subject to a constant tensile stress σ, as shown in Fig.2.12, and the equation 
is obtained as follows: 
𝑈 = 𝑈0 + 𝑈𝑎 + 𝑈𝑟 − 𝐹               (2.1) 
Where    
U = Total energy 
𝑈0 = Elastic energy of the loaded uncracked plate (constant) 
𝑈𝑎 = Change in the elastic energy caused by introducing the crack in the plate 
𝑈𝑟 = Change in the elastic surface energy caused by the formation of the crack surface 




The change of elastic energy 𝑈𝑎 caused by inducing a crack in the plate can be formulated as: 
𝑈𝑎 = (𝜋𝜎
2𝑎2)/𝐸                                                                        (2.2) 
where E is Young’s modulus. 
The change of elastic surface energy 𝑈𝑟 caused by the formation of crack surface is equal to 
the product of the unit elastic surface energy of the material γ and the new dimension of the 
crack 
𝑈𝛾 = 2(2𝑎𝛾𝑒) = 4𝑎𝛾                                                                  (2.3) 
As the glass is under the fixed grip condition, no work is done by external forces, therefore, 
F=0. The elastic strain energy is negative because it is released. Thus the total energy of the 
cracked plate is  
𝑈 = 𝑈0 + 𝑈𝑎 + 𝑈𝑟 = 𝑈0 − (𝜋𝜎
2𝑎2)/𝐸 + 4𝑎𝛾                         (2.4) 
As U0 is constant, dU0/da is zero. When the equilibrium condition is reached, dU/da is equal 












 = 0                                             (2.5) 
2𝜋𝜎2𝑎/𝐸=4 𝛾                                                                             (2.6) 







                                                           (2.7) 
where 𝜎𝐹 is the failure stress. This is the Griffith strength relation. When σ reaches a critical 
value, the crack starts to propagate. The above equation is of the same form as the theoretical 
fracture strength, but with an important difference. In the equation of theoretical fracture 
strength, a stands for lattice parameter, while in the Griffith equation, a means half length of 
the micro crack. Therefore, the strength obtained from the Griffith strength equation is much 
smaller than the theoretical fracture strength as the dimension of a micro crack is much larger 
than lattice parameter. 
2.4.1.2 Irwin’s modification to Griffith Theory 
Although Griffith’s theory has already provided excellent agreement with the laboratory 
results for brittle materials, it is usually impractical for ductile materials. In ductile materials, 
or even in materials which appear to be brittle, there is a plastic zone at the crack tip. Irwin’s 
group at U.S. Naval Research Laboratory (NRL) suggested that plasticity should play a vital 
part in the fracture of ductile materials. Irwin’s modification is to divide the energy to two 
parts: 
(πσ2a)/E = 2γ + 2γp                                                (2.8) 




The left hand term is defined as the energy release rate G which is the elastic energy per unit 
crack surface area required for crack propagation. The right hand term is defined as the 
surface energy needed for crack extension or the crack resistance R. 
G = (πσ2a)/E ≥ 2γ + 2γp = Gc = R                            (2.9) 
 Unstable crack propagation will occur when G is equal to R. Fracture will happen if G 
exceeds the critical level Gc. For brittle materials, γ >> γp, the plastic work can be neglected 
and R is mainly equal to the surface energy. For ductile materials, γp >> γ, thus the surface 
energy can be ignored and the plastic work dominates.  
2.4.1.3 Stress intensity approach 
Even though Irwin’s modification has already considered the plastic energy, it still cannot 
explain the conditions needed for unstable and stable crack propagation. This leads to the 
stress intensity approach for fracture mechanics by Irwin and his group. A new method was 
been found to calculate the amount of stress applicable for fracture in the vicinity around the 
crack front in a linear elastic solid, which can be denoted as follows 
σij = (K/√2𝜋𝑟)fij(θ)                                               (2.10) 
where σij is the stress distribution near the crack tip; r is the distance from the crack tip, and θ 
is the angle with regard to the plane of the crack, as shown in Fig.2.13 [76]. fij is a 
dimensionless quantity depending on the load and geometry. K is the stress intensity factor, 




distant load or residual stresses. Irwin defined the general formula of the stress intensity 
factor 
K = σ√𝜋𝑎 f(a/W)                                        (2.11) 
Where f(a/W) is a dimensionless parameter with respect to the size of crack and specimen. 
There are three modes of crack according to the applied force and deformation type, opening 
mode, in-plane mode and out-of-plane shear mode, as shown in Fig.2.14. KI, KII and KIII are 
designated for the stress intensity factors of mode I, II and III, the crack opening mode, crack 
sliding mode and crack tearing mode, respectively. The stress intensity factor KI is shown as 
KI = σ√𝜋𝑎                                                   (2.12) 
When the critical value of K is obtained, fracture occurs. Irwin showed the relationship of the 
stress intensity factor and the strain energy release rate for a mode I crack (opening mode) as: 
GI = KI
2/E                     plane stress            (2.13) 
GI = KI
2(1-υ2)/E             plane strain           (2.14) 
where υ is Poisson’s ratio. 
The significance of the stress intensity approach lies in the assumption that a crack starts to 
propagate when a unique value of K is achieved, which is material-dependent and can be 




2.4.1.4 Crack tip plasticity 
According to equation 2.10, the elastic stress distribution at the crack front becomes infinite 
or approaches a singularity when the value of r approaches to zero. However, for most metals, 
plastic deformation will occur when the stress exceeds the yield stress of the material, and a 
plastic zone will appear around the crack tip. As fracture is the extension of cracks, and the 
energy required for the propagation of cracks is mainly consumed in the plastic work, the 
plastic work required increases with the size of the plastic zone. Therefore, the study of 
plastic zone around the crack tip is very important.  
The actual crack length was supposed to be extended by a distance ry, the plastic zone radius, 
by Irwin. Thus it can be considered that the crack has a notional crack tip with a distance ry 
ahead of the real crack front. For the crack under monotonic tensile loading, the plastic zone 














)2                    𝑝𝑙𝑎𝑛𝑒 𝑠𝑡𝑟𝑎𝑖𝑛                              (2.16) 
The circular plastic zone is with a diameter of 2 ry, as shown in Fig.2.15 (a). As mentioned 
above, Irwin considered a notional crack tip ahead of the real crack tip; therefore the 
correction is shown in Fig.2.15 (b).  
According to equations 2.15 and 2.16, it can be seen that the plastic zone size varies in a 




thickness direction, so a biaxial condition of plane stress exists. Towards the centre of the 
specimen, there is an increasing degree of triaxiality that may eventually become plane strain. 
This leads to a variation of the plastic zone size and shape through the thickness of the plate, 
as shown in Fig.2.16. 
For most metals, when the stress exceeds their yield stress, plastic deformation will occur and 
a plastic zone will appear around the crack tip. It is indicated that linear elastic fracture 
mechanics can only be applied when the plastic zone size is smaller than the crack size and 
the cracked body behaves in a predominantly elastic manner. Hence a more general theory, 
elastic-plastic fracture mechanics (EPFM) is developed when the above conditions cannot be 
fulfilled. Two concepts of EPFM are used, one is the crack opening displacement (COD) 
approach based on the crack tip strain mainly developed in UK, the other is the J integral 
energy balance concept largely developed in US [77]. 
2.4.1.5 Fracture toughness 
Fracture toughness is a property which defines the ability of a material to resist fracture when 
a crack exists; it is one of the most important properties of a material and is very crucial to 
the design of engineering components. It can be expressed as KC under plane stress 
conditions or KΙC under plane strain conditions for mode Ι loading. The value of KC is a 
function of material microstructure, testing temperature and environment, loading mode, 
strain rate and stress state (plane stress or plane strain) [78]. It varies with different specimen 
thickness. When the thickness of the specimen reaches the plane strain state, the value of KC 
approaches a stable minimum value, expressed as KΙC. Plain strain conditions can be reached 




shown in Fig.2.17. Therefore, KΙC is considered as a material property, revealing the 
resistance of a material to crack propagation. It should not be affected by the specimen 
geometry, crack size and shape; therefore, it can be used as a criterion for the prediction of 
the failure of a material with different geometries. 
2.4.2 Fatigue 
2.4.2.1 Introduction 
The word ‘fatigue’ is regarded as a terminology for the damage and failure of materials 
caused by the repeated application of stresses or strains, which has been known for over one 
hundred and eighty years since it was first studied by a German mining engineer U.A.J. 
Albert around 1829 [78]. Now fatigue has become a progressively common technology area 
of study since most of the causes of mechanical failure are because of fatigue. 
The total fatigue life is composed of both crack initiation and crack propagation stages. The 
definition of fatigue crack initiation strongly depends on the size scale of observation. 
Scientists would like to consider the nucleation of flaws as the initiation of the crack, while 
mechanical engineers prefer to associate crack detection with the threshold for the crack 
nucleation. After that, there will be stable crack propagation progress until the final fracture.  
For fatigue tests, the results can be shown in terms of a linear / log plot termed S-N curves, 
which present the relationship between stress amplitude (σa) or stress range (∆σ) and the 
number of cycles to failure (Nf), as shown in Fig.2.18. The stress range and stress amplitude 





∆𝜎 = 𝜎𝑚𝑎𝑥 − 𝜎𝑚𝑖𝑛                                                (2.17)    
𝜎𝑎 =  
𝜎𝑚𝑎𝑥 − 𝜎𝑚𝑖𝑛
2
                                               (2.18) 
2.4.2.2 Fatigue crack propagation and da/dN-ΔK curve 
Paris, Gomez & Anderson proposed that the fatigue crack growth rate should be based upon 
the stress intensity factor range ∆K [78]. 
∆𝐾 = 𝐾𝑚𝑎𝑥 − 𝐾𝑚𝑖𝑛                                              (2.19) 
Kmax and Kmin are the maximum and minimum values of stress intensity factor, respectively. 
For an edge-cracked test piece, 
𝐾𝑚𝑎𝑥 = 𝑌𝜎𝑚𝑎𝑥√𝜋𝑎 
𝐾𝑚𝑖𝑛 = 𝑌𝜎𝑚𝑖𝑛√𝜋𝑎 
∆𝐾 = 𝐾𝑚𝑎𝑥 − 𝐾𝑚𝑖𝑛 = 𝑌∆𝜎√𝜋𝑎                          (2.20) 
where Y is a geometrical factor for the test specimen dependent on the ratio of crack length a 
to the width of the specimen W. The relationship between the fatigue crack growth increment 
da/dN and stress intensity factor range ∆K, the Paris law relation, can be expressed as 
𝑑𝑎
𝑑𝑁




where C and m are constants, which are affected by a number of factors, such as 
microstructure, loading frequency, testing temperature and environment, waveform and stress 







                                                  (2.22) 
For most engineering materials, the plot of log da/dN versus log ∆K shows a sigmoidal shape, 
and the curve can be divided into three regimes: Regime A, Regime B and Regime C, as 
shown schematically in Fig.2.19. In Region A, the crack grows very slowly, with an average 
crack growth rate less than lattice spacing per cycle. When the stress intensity factor range is 
below a threshold value ∆Kth, the crack remains dormant or the crack growth rate cannot be 
detected. Above ∆Kth, the crack grows rapidly, with a steep increase of da/dN with ∆K. The 
fatigue crack propagation threshold is affected by many factors, such as microstructure, grain 
size, stress ratio, testing temperature and environment. Overall; the crack propagation 
behaviour in this region is discontinuous. Region B is known as the Paris Region, with a 
linear relation of log da/dN versus log ∆K, which can be expressed as the Paris equation 
(equation 2.21). During this period, the crack grows continuously. Stable crack propagation 
occurs when the maximum stress intensity factor Kmax = ∆K/ (1-R) is far below the quasi-
static fracture toughness KIC. In Region C, the crack growth rate increases rapidly until the 
final failure when Kmax reaches the critical stress intensity factor Kc. Forman developed a 





(1 − 𝑅)𝐾𝐶 − ∆𝐾




This equation is a modification of the Paris Law by [(1 − 𝑅)𝐾𝐶 − ∆𝐾], in which the crack 
growth rate increase with increasing stress ratio R and decreasing fracture toughness KC at a 
given ∆K level. 
As mentioned above, the fatigue crack propagation behaviour is generally described by the 
Paris Law, equation (2.21). The constants C and m are very sensitive to stress ratio R, 
microstructure and environment. However, there is a controversy about whether the fatigue 
crack growth is more dependent on ∆K or Kmax. Many researchers have carried out systematic 
experiments and a modification of the Paris Law has been developed to depict the 





𝑞                                                      (2.24) 
where C' is a scaling constant and p and q are determined by experiment to estimate the 
dependence of crack growth. Compared with Equation (2.21), it is found that m = p + q, and 
C = C'(1-R) q. For most ceramics, p<<q, revealing that Kmax is the controlling parameter for 
fatigue crack growth, while for metals, p>>q [78, 79].  
2.4.2.3 Near-threshold fatigue crack growth 
Although the design based on fatigue crack propagation threshold may be exceedingly 
conservative for ductile materials, the threshold is still necessary for the analysis of the 
failure in components in the aeronautic and automotive industries, and also it is extremely 




threshold can be affected by lots of factors, such as microstructure, R ratio, temperature, 
environment and crack size. 
The assumed relationship between the fatigue threshold and the cyclic plastic zone size has 
been established. The model was developed by Donahue et al on the basis of the concept that 
the fatigue threshold can be attained when the crack tip opening displacement reaches a value 
which is analogous to a critical microstructural dimension [80]. 
∆𝐾𝑡ℎ ∝ √𝜎𝑦𝐸′𝑙∗                                                      (2.26) 
where σy is the yield stress, E' is the Young’s modulus in plain strain, and 𝑙∗  is the 
microstructural size scale such as grain size. However, in ductile materials, different fatigue 
threshold values can be achieved even when the cyclic plastic zone size ahead of the crack tip 
is the same, due to different slip characteristics.  
Another postulate by Sadananda and Shahinian is that the threshold is attained with a critical 
shear stress τ for the nucleation and movement of a dislocation from the crack tip [78]. 
∆𝐾𝑡ℎ ∝ 𝜏√𝑏                                                               (2.27) 
where b is the magnitude of the Burgers vector. 
It is proposed that the appearance of the fatigue crack propagation threshold directly results 
from the crack closure phenomenon, which is extremely important in the near threshold 
region. Crack closure is the consequence of residual plastic deformation left in the wedge of 




premature contact between the mating crack faces even during far-field tensile fatigue 
loading. It is one of the most important factors leading to the dependence of fatigue 
thresholds on microstructural, mechanical and environmental variables.  
Many researchers studied different types of crack closure phenomena and classified many 
forms of fatigue crack closure based on their own results. Possible modes of fatigue crack 
closure are plasticity-induced crack closure, oxide-induced crack closure, roughness-induced 
crack closure, viscous fluid-induced crack closure and transformation-induced crack closure. 
Apart from the above mechanisms of fatigue crack closure in conventional metals, work has 
also been carried out on fatigue of advanced metallic systems and non-metallic materials. 
They are: (1) crack deflection, (2) crack-bridging (trapping), (3) crack-shielding caused by 
microcracking, phase transformations and dislocations, shown in Fig.2.20 [78]. 
When these fatigue crack closure phenomena are considered, it can be seen that fatigue crack 
growth is not only influenced by the conditions ahead of the crack tip, but is also influenced 
by the contact of mating crack faces behind the crack tip. Thus, Elber proposed that the crack 
propagation occurs only during the period of fatigue loading cycle when the crack faces are 
fully separated. To measure the displacement of the crack faces, strain gauges are used above 
and below the crack plane, shown in Fig.2.21 (a). A schematic of the relationship between the 
applied stress σ and the displacement from the monitor δ during fully unloading from the fat-
field stress is obtained in Fig.2.21 (b). In this curve, the crack is fully open until the stress 
drops from σmax to σop from point A to B; the region B to C is caused by the crack closure 
phenomenon; the crack is fully closed beyond point C [78]. Therefore, the crack can 
propagate when the stress σop needed for fully open is reached, with a corresponding stress 




∆𝐾𝑒𝑓𝑓 = 𝐾𝑚𝑎𝑥 − 𝐾𝑜𝑝                                                        (2.28) 
2.5 Fatigue crack propagation in γ-TiAl      
Fatigue crack propagation of gamma titanium aluminides has been studied for many years 
since early 1990s [81-88]. Fatigue crack propagation behaviour of γ-TiAl alloys depends not 
only on extrinsic factors, but also depends on different intrinsic factors [89-92]. Ritchie states 
that the process of the fatigue crack propagation is a mutual competition between intrinsic 
microstructural damage mechanisms which promote crack growth ahead of the crack tip and 
extrinsic mechanisms which impede crack growth behind the crack tip, as shown in Fig.2.22. 
For brittle materials, extrinsic mechanisms are more important in the toughening of materials. 
Extrinsic mechanisms impeded the crack growth by crack deflection, crack tip shielding by 
inelastic zone or contact between the crack surfaces, in the form of crack closure [93]. Since 
the crack growth rate of TiAl alloys is rather fast compared with ductile alloys, the fatigue 
design of titanium aluminides is mainly based on fatigue crack propagation threshold [86]. 
2.5.1 Effect of microstructure on fatigue crack propagation  
It is found that fatigue crack propagation behaviour in gamma titanium aluminides is very 
sensitive to microstructure and lamellar microstructure provides better fatigue crack 
propagation resistance than duplex and equiaxed gamma microstructures [83, 94-98].  
Fig.2.23 presents a comparison of crack growth rates as a function of effective stress intensity 
factor ΔK for two microstructures (lamellar and duplex) at ambient temperature in air. 




microstructure.  It can be seen that, in the crack initiation region, the fatigue crack growth 
rate of both microstructures is very fast. However, the effect of microstructure on the fatigue 
crack growth behaviour is noticeable for da/dN>10-8m/cycle. The fast crack growth rate and 
low threshold value of the duplex microstructure is due to its fine grain size, leading to a 
comparatively flat crack growth path and less crack tip shielding from crack deflection, 
branching, micro cracking ahead of the crack tip and shear-ligament bridging in the crack 
wake [95]. The respective contribution of the impact of bridging effect and crack closure 
effect on fatigue crack growth rate is not clear. Zhu stated that the superior crack growth 
resistance of fully-lamellar microstructure compared with duplex was due to crack closure 
[79]. Mutoh et al pointed out that bridging is more influential on FCG rate because of the 
observed micro cracks, which were formed near the crack tip. Some of these micro cracks 
coalesced to the main crack, while the rest of them remained unbroken in the crack wake, 
leading to the improvement of crack tip stress shielding effect [98].  Larsen also showed that 
the fatigue crack growth rate of TiAl alloys with lamellar microstructure was slower than that 
with duplex microstructure at the same ΔK level [99]. The fracture toughness is reported 
much higher with refined lamellar microstructure compared with refined duplex 
microstructure by Liu et al [100]. 
However, the above comparison may be influenced by environmental effects. Therefore, the 
effective stress intensity factor range of a selected microstructure, which reveals the intrinsic 
fatigue crack growth behaviour, has been introduced and is evaluated in an inert atmosphere 
like high vacuum and corrected from closure effects. Hénaff summarised the intrinsic fatigue 
crack growth behaviour at room temperature with different microstructures of gamma 




above trends observed in air with a better fatigue crack growth resistance of lamellar samples 
than equiaxed gamma and duplex samples [89]. A similar trend is also found at elevated 
temperatures [83, 97, 98]. 
Equiaxed gamma grains influence crack growth resistance. Fractographic studies indicate that 
the gamma grains fail by brittle intergranular decohesion with test temperatures over 500°C 
and transgranular cleavage with test temperatures below 500°C under cyclic load. Both of 
these fracture modes reduce the fatigue crack growth resistance and increase crack growth 
rate [82]. 
The fracture modes of lamellar microstructure in two-phase gamma titanium aluminides are 
generally classified into two main categories: translamellar fracture and interlamellar fracture, 
as shown in Fig.2.25 [101-103]. Translamellar fracture mode is a cleavage failure, which 
propagates perpendicularly or angularly to the lamellar interface, while interlamellar fracture 
mode always occurs along the lamellar interfaces. The translamellar fracture surface is 
uneven since the crack crosses different lamellae as it propagates; the interlamellar facture 
surface is relatively flat and smooth with small area of facet. Translamellar fracture tends to 
be the main fracture mode at elevated temperatures, which can be confirmed by a less 
tortuous crack path observed on the fracture surface [99]. It is observed that most micro 
cracks are formed at the γ/α2 interfaces within the colonies and gather at colonies with soft 
orientation [104]. However, Bowen reported that interlamellar fracture mainly occurs at γ/γ 
interfaces, although some γ/α2 interface fractures are still observed under cyclic load [82].   
Despite the above two main fracture modes, there are still small amounts of intralamellar 




intralamellar fracture surface is very similar to interlamellar fracture surface, which is also 
parallel to the lamellar interface, but with a geometric pattern consisting of a large amount of 
parallel ridges or markings on consecutive lamellar plates. These parallel markings are 
observed either at inclined angles of 60° (or 120°) to each other or in a direction parallel to 
each other, showing as a geometric pattern of three-fold symmetry, regardless of whether 
they stay on the same place or on different neighbouring plates, as shown in Fig.2.26 [105].  
2.5.2 Effect of colony size on fatigue crack propagation  
Choi [91] investigated the influence of colony size on the fatigue crack propagation behaviour 
of gamma titanium aluminides Ti-46.5Al-2Cr-3Nb-0.2W and Ti-47Al-1.5Cr-0.5Mn-2.5Nb-
0.18B with fully lamellar microstructures. The results shown in Fig.2.27(a) reveal that with 
similar lamellar spacing, when the colony size is below 400µm, there is no significant 
influence of colony size (90µm, 290µm and 400µm) on the value of fatigue crack 
propagation threshold for both alloys, exhibiting a constant value around 8-9MPa√m. 
However, when the lamellar colony is very coarse, with a colony size over 1400µm, the 
fatigue crack propagation threshold is much lower around 6.5 MPa√m, showing that the 
fatigue crack propagation resistance of coarse lamellar microstructure is much lower than that 
of fine lamellar microstructure. Alloys with a medium colony size show the fastest crack 
growth rate, while alloys with a coarse colony size show the slowest crack growth rate. The 
coarse alloy also shows the highest fracture toughness, which is the opposite to the results 
reported by Chan and Kim [106], who point out that the fracture toughness reaches a 
maximum value with a colony size around 500µm. This can be possibly explained by the 
presence of small amount of equiaxed γ grains in Choi’s alloy [91]. When fatigue crack 




crack propagation threshold (around 4 MPa√m) than fine colony microstructure, shown in 
Fig.2.27 (b).  
2.5.3 Effect of lamellar spacing on fatigue crack propagation 
The fatigue crack propagation behaviour of gamma titanium aluminides with lamellar 
microstructure is also affected by the lamellar spacing [90, 91]. Mine studied the influence of 
lamellar spacing on fatigue crack growth by comparing the FCG behaviour of air-cooled and 
furnace-cooled materials with similar colony size and proposed that the decrease of lamellar 
spacing leads to a general trend of improvement of fatigue crack growth resistance, shown in 
Fig.2.28 [90]. The average lamellar spacing of air-cooled and furnace-cooled materials is 
0.91µm and 3.84µm, respectively. Similar results are also found by Choi with lamellar 
spacings of 0.4µm and 5.5µm [91]. The mechanisms of interlamellar fracture which occur in 
both air-cooled and furnace-cooled specimens are illustrated in Fig.2.29 [90]. When the crack 
propagates in the air-cooled specimen with a thin lamellar spacing, the crack traverses the 
lamellae by linking of the micro cracks formed in a small area in front of the crack tip, while 
in furnace-cooled specimens the crack primarily propagates on the planes along the lamellar 
interfaces as the lamellar spacing here is in the range of the critical lamellar thickness to form 
a micro crack. Only a few steps are observed in the fracture surfaces as the crack occasionally 
propagates across the lamellar plates.  
Chan showed that the fracture toughness of lamellar TiAl was improved with decreasing 
lamellar spacing by the influence of translamellar micro cracking and the size of the shear 
ligaments as with the Hall-Petch relationship. Translamellar micro cracking is favoured in 




interlamellar micro cracks becomes considerably easier, leading to a smaller ligament size 
and lower shear ligament toughening. While the translamellar micro cracking is hindered 
with thin lamellae, and the linkage of the main crack becomes difficult, giving rise to a larger 
ligament size and high shear ligament toughening. However, it is reported that when the 
lamellar colony size exceeds 600µm, the fracture toughness is not only controlled by the 
lamellar spacing, but also controlled by the lamellar orientation. [106].  
2.5.4 Effect of lamellar orientation on fatigue crack propagation 
The properties of gamma titanium aluminides with a lamellar microstructure are influenced 
by the orientation of lamellar colonies because of its anisotropic nature. The dependence of 
various properties and behaviour of lamellar gamma titanium aluminides on lamellar 
orientation has been successfully studied with polysynthetically twinned (PST) TiAl. The 
plastic deformation in each lamella was shown to be dictated by the lamella’s orientation, and 
the properties, such as tensile and compression strength, fatigue crack propagation resistance, 
creep resistance and fracture toughness of PST crystals are influenced by the lamellar 
orientation. This is defined by the angle between the stress direction and the lamellar 
interface normal. It has been shown that low fracture toughness is obtained with lamellar 
orientation parallel to the crack plane, while the fracture toughness is much higher with 
lamellar orientation perpendicular to the crack plane. However, although the yield strength is 
lower when the lamellar plane is parallel to the loading axis than when it is perpendicular, the 
lowest value is observed at the intermediate angle between the loading axis and lamellar 




Although no dedicated research on fatigue crack propagation has been reported using PST 
TiAl crystals, the strong influence of lamellar orientation on fatigue crack propagation 
behaviour has been illustrated by using as-cast TiAl alloys with coarse columnar structures 
[82-84, 111]. Zhu pointed out that the influence of lamellar orientation on fatigue crack 
propagation behaviour can be shown through the scatter in fatigue crack growth data 
observed with lamellar microstructures which is larger than other microstructures [79]. The 
definition of the relation between lamellar orientation and fatigue crack growth direction is 
shown in Fig.2.30 where the lamellar orientation of type A and B specimen is perpendicular 
to the crack growth direction while that of type C specimen is parallel to the crack growth 
direction [111]. 
For type A and B alloys, the lamellar orientation is perpendicular to the crack growth 
direction, but the crack propagates across different lamellae in type A alloy, while the crack 
propagates within each lamellae in B. Tsutsumi studied the fatigue crack propagation 
behaviour at high temperatures with type A and B samples and showed that: (a) the crack was 
not arrested at the grain boundaries and lamellae, but propagated smoothly; (b) a slight 
difference was observed in the relationship of crack growth rate da/dN and stress intensity 
factor range ΔK for the two types of alloys, shown in Fig.2.31,  which might be due to the 
fact that the cracks in both  alloys propagate in the direction perpendicular to the stress, 
traversing the lamella boundaries [84]. Hénaff also studied the fatigue crack propagation 
behaviour of these two types of alloys at room temperature in air and vacuum. It is found that 
for type A orientation, translamellar fracture is always the most common feature either in air 
or in vacuum. However, the general aspect of type B orientation is different. From the 




translamellar fractures are observed, while lots of crystallographic facets among large 
cleavage-like fracture are observed throughout the surface. Such crystallographic aspect 
features are not so pronounced for the specimen with the same B orientation tested in air 
[111]. 
Wissuchek showed that the fatigue crack propagation threshold ΔKth was strongly influenced 
by the orientation of lamellae with respect to the crack propagation direction. The threshold 
value required for crack propagation perpendicular to lamellar interfaces is about 11.5 
MPa√m, while that to propagate a crack parallel to lamellar interfaces is only about 6.5 
MPa√m, which is about 60% of the maximum value [112]. Fig.2.32 shows typical da/dN- ΔK 
curve for the specimens with lamellar orientation perpendicular and parallel to the crack 
growth direction, respectively [92]. As can be seen from the curve, both orientations show a 
considerably large scatter of da/dN, and type C indicates much faster crack growth rate than 
type B. This tendency still remains even after taking crack closure into consideration, i.e., 
when the graphs are plotted as a function of ΔKeff.  For the specimen with lamellar 
orientation perpendicular to the crack growth direction, just one main crack started from the 
notch without noticeable deflections and branching is observed from both specimen surfaces, 
shown in Fig.2.33 (a). The crack propagates across the lamellae, seen from profile on the 
longitudinal section, Fig.2.33 (b), and translamellar fracture is observed from the fracture 
surface in this type of specimen. While for the specimen with lamellar orientation parallel to 
the growth direction, a crack from the notch is arrested and new cracks initiate away from the 
crack tip, thus several cracks are observed on the sample surface. Most cracks are not 
connected to each other as the crack faces are not coplanar, shown in Fig.2.33 (c). These 




section, Fig.2.33 (d), so interlamellar fracture is observed from the fracture surface. An 
earlier post mortem TEM study on crack tip deformation showed that cracks severing 
lamellae were formed on the cross-lamella {111} planes through twinning and banding of 
ordinary and superdislocation slip [113]. Microcracks are also shown to be formed at cross-
lamellar twin boundaries and slip bands by in-situ TEM examination on tensile specimens of 
TiAl [114, 115]. Microcracks along the interfaces ahead of the main crack are only nucleated 
when the crack growth direction is roughly parallel to lamellar interface and the crack 
propagates by ligament fracture [116]. Bridging is found to be very important during fatigue 
crack growth process, shown in Fig.2.34. The crack propagates continuously through the 
colony on the left. However, it stops at the boundary. As the increase of ∆K, re-nucleation 
occurs in the next grain and crack growth resumes almost at the same time. The bridging 
ligament formed during crack re-nucleation restricts the crack propagation [112]. 
2.6 Ti4522XD and Ti46Al8Nb alloys 
2.6.1 Ti4522XD alloy 
Ti4522XD, which is a commercially available gamma titanium aluminide with a composition 
of Ti-45Al-2Mn-2Nb-1B (at. %) composed of α2 + γ two phases, is one of the two main 
alloys used in this study. As mentioned in 2.2, Mn is added to improve the ductility. However, 
larger addition of Mn does not further improve the property [38]. Nb is introduced to enhance 
the tensile strength and oxidation resistance. B is added most importantly for the grain 





 XD (exothermal dispersive), or XDTM, is a trade name used for a method of processing 
technology to form ceramic particles such as borides, carbides, nitrides and silicides in a 
metallic or intermetallic matrix by in-situ precipitation invented and developed by Martin 
Marietta Laboratories [118]. Although thermo-mechanical processing is recognized to offer 
potential improvement of properties, the XD route is used to cast the original ingots as it 
reduces grain size, enhances specific tensile and fatigue strength and fire resistance. It also 
improves castability as well as microstructural uniformity because of the fine dispersion of 
TiB2 particles [119, 120]. 
Ti4522XD has been used to make a number of different trial aero-engine components by 
Rolls-Royce, such as compressor stator vanes and blades, low pressure turbine blades and 
large complex cast components. Although the low pressure turbine blades have been 
successfully cast and machined, the temperature capability of Ti4522XD has limited its 
application because, even though it is currently suitable for the ultimate stage blades, future 
trends are towards higher temperatures and towards its additional requirement for the 
penultimate stage [120]. In this thesis, refractory alloying elements, e.g. Nb and Ta, which are 
potentially able to increase temperature capability of γ-TiAl alloys, are added into the 
traditional Ti4522XD to study the effects of alloy composition on the properties of this series 
of alloys. 
2.6.2 Ti46Al8Nb alloy 
The more advanced gamma titanium aluminides (TNB), with the alloy addition of Nb (5-10 
at. %), is developed to further increase the high temperature properties of TiAl alloys and has 




titanium aluminides as the ductility and high temperature strength is found to be improved 
with the addition of niobium. In addition, Lin et al. have proven that the oxidation resistance 
is also greatly improved by niobium. Furthermore, the alloys with addition of 5 to 10 at. % 
niobium exhibit significant increase on the creep resistance. Thus, this range of gamma 
titanium aluminides is an alternative to nickel-bases superalloys for some components up to 
temperatures of about 800˚C [32, 36, 121-123]. Therefore, alloy Ti46Al8Nb has been chosen 
in this thesis to study its fatigue crack propagation behaviour. 
2.7 Background and aim of this project 
Crack propagation in TiAl alloys has been under investigation in the aerospace industry since 
1990 but the activities were substantially reduced after 2000, probably mainly due to the lack 
of near-term application. The main factor which was constraining the application of these 
alloys was the difficulty of producing components cost-effectively [4]. However, GE 
formally announced that two stages of Genx LPT blades would be in TiAl material in 2006 
and the engine was certified in the following year with TiAl blade. R-R also defined a 
strategy to apply TiAl in their Trent XWB LPT blades later on. 
Due to the intinsic brittleness of TiAl-based alloys, the design method for the applicaion of 
TiAl-based alloys is based on damage tolerance of the material and fatigue crack growth 
(FCG) threshold is one of the most important properties. The focus of this project is to 
achieve a fundamental understanding of factors which influence the FCG threshold by 
focusing mainly on the effects of alloy elements and microstructural parameters on crack 
propagation under various stress conditions in a number of alloys. The current situation is 




resistance than other microstructures such as duplex and near gamma microstructures [101], 
but the influence of alloy composition has not been studied. This may be because the 
properties of TiAl-based alloys are sensitive to microstructure and it is difficult to obtain 
identical microstructures in different alloys. In other words, property difference in different 
alloys may be buried by the variation in microstructures in different alloys. Hence one aspect 
of the present study, where the influence of alloy composition on FCG is to be determined, 
will be to characterise the microstructures of the different alloys very carefully so that 
comparisons can be made. Also, lamellar TiAl-based alloys with different microstructural 
parameters are chosen to understand the influence of microstructural parameters on fatigue 
crack propagation behaviour. 
In this thesis, Ti4522XD and its four modifications, Ti-45Al-2Mn-2Ta-1B, Ti-45Al-2Mn-
4Nb-1B, Ti-45Al-2Mn-4Ta-1B and Ti-45Al-2Nb-2Ta-1B, are selected to understand the 
effects of alloy composition, especially refractory alloying elements, e.g. Nb and Ta, which 
are potentially able to increase temperature capability of γ-TiAl alloys, on fatigue crack 
propagation threshold. Some other mechanical tests, such as tensile and hardness tests will 
also be conducted to get a comprehensive view of mechanical properties of these modified 
alloys. Different heat treatments are applied and different amount of B is added into the alloy 
to obtain different colony sizes, lamellar spacing, and volume of γ grains. Consequently, the 
influence of these microstructural factors on fatigue crack propagation threshold will be 
studied. Finally two series of alloys, Ti4522 and Ti46Al8Nb, with extremely coarse lamellar 
microstructures have been selected to understand the lamellar orientation effect on fatigue 







Fig.2.1. Cross-section through a Trent aero-engine, showing potential TiAl engine 






Fig.2.2 Binary Ti-Al phase diagram (Schuster and Palm, 2006) [7]. 
 
 
                               a                                                                                 b 






Fig.2.4 Typical microstructure of gamma titanium aluminide. (a)NG;   (b) DP;   (c) NL;   (d) 











Fig. 2.5 Typical optical microstructures in continuously cooled Ti-46Al-8Nb from 1360°C 
(alpha phase field). (a) Fully massive γ obtained at a cooling rate of 180°Cs-1, (b) a mixture of 
massive γ + feather + lamellar microstructure obtained at a cooling rate of 25°Cs-1 and (c) a 
mixture of feathery + Widmanstätten + lamellar microstructures obtained at a cooling rate of 
10°Cs-1 (there is still a tiny fraction of massive γ at this cooling rate). Letters M, F, W and L 






Fig.2.6 Potential slip and twinning system of the L10 structure, schematic drawing of three-
layer sequence of atom stacking on the (111) plane shown by small, medium and larger 
circles. b1 = 1/6[2 ̅11], b2 = 1/6[12 ̅1] and b3 = 1/6[112 ̅] are the Burgers vectors of partial 
dislocations. b3 is perpendicular to the Burgers vector b = 1/6[1 ̅ 10] for ordinary dislocations 








Fig.2.7 Stress strain curves of different γ-TiAl alloys at room temperature. The materials are 
all Ti-47Al-1Cr-1V-2.5Nb but different microstructures. Samples A, B and C have FL 
microstructures with colony sizes decreasing from 700-1300µm (A) to 250-500µm (C); D has 
a NL microstructure with a lamellar colony size of 70-140µm and γ grains of 10-30µm; E and 
F have a duplex microstructure with grain size of 15-40μm and 10-30μm, respectively; 











Fig.2.8 Variation of the room temperature yield stress with orientation angle φ of various 










Fig.2.9 Comparison of tensile properties of different alloys and microstructures at different 
testing temperatures [51]. 
 
   
(a)                                                                        (b) 
Fig.2.10 Creep strain rate vs. true strain curves of alloy 1 (Ti – 47Al – 1.5Nb – 1Cr – 1Mn – 
0.2Si) (a) and alloy 2 (b) in the different heat treatment conditions at an initial stress of 
205MPa. HT1, isothermal annealing at 1400°C + ageing, fully lamellar; HT2, isothermal 






Fig.2.11 Representative Creep curves of Ti–42mol%Al with the three different lamellar 
spacings; (a) at a high stress and (b) at a low stress [58]. 
 
 





Fig.2.13 Polar coordinates ahead of the crack tip [76]. 
 
 













Fig.2.16 Schematic through-thickness plastic zone size and shape in a finite plate [74]. 
 
 





Fig.2.18 Typical S-N diagram showing the variation of the stress amplitude for fully reversed 
fatigue loading as a function of the number of cycles to failure for ferrous and nonferrous 
alloys [78]. 
 






Fig.2.20 A schematic illustration of the mechanisms which promote retardation of fatigue 
crack growth in constant amplitude fatigue. (a) plasticity-induced crack closure; (b) oxide-
induced crack closure; (c) roughness-induced crack closure; (d) fluid-induced crack closure; 
(e) transformation-induced crack closure; (f) crack deflection; (g) crack-bridging by fibres (h) 





Fig.2.21 A schematic of the relationship between the applied stress and the displacement 
measured by strain gauges during loading from the far-field stress [78]. 
 
 
Fig.2.22 Schematic illustration of mutual competition between intrinsic mechanisms of 
damage/crack advance and extrinsic mechanisms of crack-tip shielding involved in crack 






Fig.2.23 Fatigue-crack growth behaviour of two-phase γ-TiAl alloy in the duplex and 
lamellar microstructures at room temperature in air (R=0.l, 25 Hz) [95]. 
 
Fig.2.24 Intrinsic fatigue crack growth behaviour of various microstructures (Ti–48Al–2Cr–





Fig.2.25 Illustration of (a) translamellar fracture (fracture across lamellae) and (b) 
interlamellar fracture (fracture along lamellae interface) of the fracture of lamellar 





Fig.2.26 Intralamellar fracture surface taken from a low ∆K region showing the geometric 
patterns formed on the consecutive lamellar plates A, B, C and D. Not the three-fold 





Fig.2.27 Fatigue crack propagation of Ti-46.5Al-2Cr-3Nb-0.2W (K5) and Ti-47Al-1.5Cr-




Fig.2.28 Fatigue crack growth resistance curves at room temperature: air-cooled and furnace-








Fig.2.29 Schematic illustrations of interlamellar crack growth mechanisms in (a) air-cooled 
and (b) furnace-cooled specimens [90]. 
 
 





Fig.2.31 Effects of lamellar orientation on relationship between crack propagation rate and 





Fig.2.32 Relationship between crack propagation rate and stress intensity factor range at 
ambient temperature in air: type B with lamellar orientation perpendicular to crack growth 






Fig.2.33 Crack propagation path on the specimen surface in specimen (a) lamellar orientation 
parallel to crack growth direction and (c) lamellar orientation perpendicular to crack growth 
direction; crack profile on the longitudinal section in specimen (b) lamellar parallel to crack 





Fig.2.34 Fracture surface of a fatigue sample, where crack propagation direction is from left 
to right, with the corresponding crack growth curve plotted to scale. The crack stopped at the 
grain boundary until the applied ∆K was increased. There is extensive ligament formation in 






Table 2.1 Properties of titanium alloys, titanium aluminides and nickel based super alloys [2]. 
 
a Duplex microstructure.      b Fully lamellar microstructure.                                                    
c      Uncoated.                                                             d Coated/Actively cooled. 
 
Property Ti-based Ti3Al-based TiAl-based Ni-based 
Structure hcp/bcc D019 L10 fcc/L12 
Density (g/cm3) 4.5 4.1-4.7 3.7-3.9 7.9-8.5 
Modulus (GPa) 95-115 110-145 160-180 206 
Yield Strength (MPa) 380-1150 700-990 350-600 800-1200 
Tensile Strength (MPa) 480-1200 800-1140 440-700 1250-1450 
Room-Temp. Ductility 
(%) 
10-25 2-10 1-4 3-25 
Room-Temp. Fracture 
Toughness (MPa√𝒎) 
12-50 13-30 12-35 30-100 
Creep Limit (°C) 750 750 750a-950b 800-1090 




Chapter 3.  Experimental Procedure 
This chapter describes the experimental work in terms of the raw materials and the processing 
and heat treatment methods used in the study, types of mechanical tests, microscopy and 
analysis techniques to comprehend the microstructural characterization and fracture 
mechanisms.  
3.1 Materials 
3.1.1 Ti4522 (XD) and four modified forged Alloys 
Ti45Al2Mn2Nb1B (at %) (4522XD) alloy is the baseline alloy and its modifications, 
Ti45Al2Nb2Ta1B, Ti45Al2Mn2Ta1B, Ti45Al2Mn4Ta1B and Ti45Al2Mn4Nb1B (at %), are 
also studied. The base alloy was from a 50kg ingot prepared by double cold hearth plasma arc 
melting and the modified alloys were prepared using plasma arc melting in the form of 1kg 
buttons. The buttons were melted 4 times to improve the microstructure homogeneity. The 
buttons were cut into forging billets with a height of 60mm. Isothermal forging of the billets 
and ingot section were carried out at 1150ºC and an initial strain rate of 1x10-3 s-1. They were 
forged into packages with a reduction in height of about 70-80%. Heat treatment was carried 





3.1.2 Ti4522 (XD) as-cast Alloys 
The as-cast Ti45Al2Mn2Nb0.4B ingot, of which the diameter is 50mm and the height is 
200mm. It was cut into two pieces, and they were heat treated at 1320°C for 1hour. They are 
expected to give different lamellar spacing with different cooling rates, furnace cooling (FC) 
to get thick lamellar and air cooling (AC) to get thin lamellar.  
Samples107 and 407 were Ti4522XD cast into slabs. The boron concentration was 0.3 and 
1at% for 107 and 407 respectively. The difference in boron concentration was expected to 
give different lamellar colony size in cast slabs. The measured lamellar colony size was 70 
and 90m in average for 107 and 407 respectively. The slabs were HIPped at 
1260°C/150MPa for 4h followed by ageing at 1000°C for 8h. 
Samples containing equiaxed gamma grains were obtained by HIPping of investment cast 
bars containing cast defects like shrinkage and porosity. It has been demonstrated in an early 
work that the grains surrounding the pores underwent recrystallisation during HIPping and 
evolved into clusters of equiaxed gamma grains [119]. The cast Ti4522XD test bars were 
screened using X-ray and some with visible pores were HIPped. Two samples, 24-10-B-8 and 
24-7-A-4 were chosen for fatigue crack growth threshold testing. 
3.1.3 Coarse Ti4522 and Ti46Al8Nb 
Two coarse columnar microstructure alloys, Ti45Al2Mn2Nb and Ti46Al8Nb alloy were 
prepared by using double cold hearth plasma arc melting in the form of 100mm diameter 
ingot. The ingots were hipped at 1280°C/150MPa for 4h. The composition of these alloys is 




3.2 Microstructural characterisation 
3.2.1 Specimen preparation 
A small piece, approximately a 10mm cube, of each material was cut by the Struers 
Accutom-5 cutting machine using a silicon carbide cutting blade. They were hot mounted in 
conductive Bakelite powder in an OPAL 400 mounting machine for microstructure analysis. 
After that, they were ground by wet and dry silicon carbide abrasive grinding paper with 
water, step by step from grit 240 to grit 2500 about 3mins for each step before final polishing. 
The solution used for final polishing is activated colloidal silica, composed of OP-S 
suspension and 5% hydrogen peroxide. All the samples were polished for around 10mins 
with a MD-Chem polishing disc produced by Struers. Normally, for most cases, 10-mins 
polishing is good enough for microstructural characterisation by scanning electron 
microscope (SEM) with back scattered electron (BSE) imaging. However, another polishing 
procedure is needed with a smaller force to prepare samples for electron back scatter 
diffraction (EBSD) mapping. All the polishing and grinding was carried out in a Struers 
LaboPol-5 polishing unit fitted with a LaboForce-3 automatic polishing head. Finally, the 
polished samples were cleaned by cleaning agent, water and absolute ethanol, and dried. 
3.2.2 Microscopy techniques 
A Philips XL-30 and JOEL 7000 were the facilities used for microstructure investigation. The 
Philips XL-30 is Lanthanum hexaboride (LaB6) scanning electron microscope (SEM), while 
JOEL 7000 is a field emission one. Both of them can be used for back scatter electron (BSE), 




Since the secondary electrons are ejected from the top layers of the specimen surface, they 
are of low energy and cause topographic contrast. Therefore, the intensity depends on surface 
topography, rather than atomic number.  SE imaging technique is used for the 
characterisation of fracture surface in this study. As the intensity of back scattered electrons 
is in proportion to atomic number, BSE imaging technique is used to distinguish different 
phases. The microstructure investigation for the supplied alloys is carried out by BSE 
imaging, as there is a big difference in atomic mass for α2 and γ phases. The accelerating 
voltage used for both SE and BSE imaging is 20 KV. 
As a microstructural-crystallographic technique, EBSD is widely used for grain boundary and 
morphology analysis, texture investigation, crystal orientation mapping and phase 
identification. To operate EBSD, the specimen has to be tilted 70°, the working distance must 
be 12-17mm and the accelerating voltage should be 20 KV. 
3.2.3 Colony size measurement 
The colony size is measured using the linear intercept method with SEM BSE images 
(Fig.3.1). The colony size is calculated on each transverse line, but the first colony and the 
last colony on each transverse line is not included. 
3.2.4 Lamellar spacing measurement 
The measurement of lamellar spacing includes the measurement ofα2 lamellar spacing, γ 
lamellar thickness and lamellar spacing. The α2 lamellar spacing is the distance between two 




is the mean lamellar spacing including γ/α2 as well as γ/γ interfaces, as shown in Fig.3.2. 
They are measured by using 3D stereographic SEM analysis, as shown in Fig.3.3. The 
specimen was cut from the thread of the fatigue crack propagation threshold test pieces and 
hot mounted, and then it was cut again to produce a transverse section, so two faces of the 
specimen can be observed.  Both faces were ground and polished by using the standard 
grinding/polishing procedure mentioned above. The prepared samples were firstly observed 
with BSE to obtain the α2/α2 lamellar spacing, and then lightly etched with Kroll’s reagent, 
which is 2%vol hydrogen fluoride (HF), 10%vol nitric acid (HNO3) and balance water, in 
order to reveal the γ/γ interfaces by SEM evaluation. Finally α2 lamellar spacing, γ lamellar 
thickness and lamellar spacing were corrected by a factor λ. The angles a and b are shown in 
Fig.3.2 (b) and Fig.3.2 (c) respectively. 
𝜆 =
𝑠𝑖𝑛𝑏√(𝑐𝑜𝑠𝑎𝑠𝑖𝑛𝑏)2 + (𝑠𝑖𝑛𝑎𝑐𝑜𝑠𝑏)2 + (𝑠𝑖𝑛𝑎𝑠𝑖𝑛𝑏)2
| − 1 + 𝑐𝑜𝑠𝑏2𝑐𝑜𝑠𝑎2|
 
3.3 Mechanical testing 
3.3.1 Hardness testing 
The hardnesses were measured by Vickers hardness method with polished samples and the 
applied load was 20Kgf. The Vickers hardness test method consists of indenting the test 
material with a diamond indenter, in the form of a right pyramid with a square base and an 
angle of 136° between opposite faces subjected to a load of 1 to 100kgf. The two diagonals of 
the indentation left in the surface of the material after removal of the load are measured using 




is calculated (Fig.3.4). The Vickers hardness is the quotient obtained by dividing the kgf load 
by the square mm area of indentation. 
              
Where: 
F= Load, in kgf; 
d= Arithmetic mean of the tow diagonals, in mm; 
HV= Vickers hardness. 
3.3.2 Tensile testing 
The φ9mm (diameter) × 60mm (length) cylinders were cut from the original blocks using 
EDM (electro discharge machine) and sent out to GTG Engineering Co. Ltd and machined by 
turning to the final shape with a 20mm gauge length and  a diameter of 4mm, as shown in 
Fig.3.5. The tensile tests were carried out by a Zwick servo hydraulic testing machine at an 
initial strain rate of 1× 10-4 s-1 in air, and an extensometer with a gauge length of 20mm was 
used to track the displacement. The load/displacement curves were converted to engineering 
stress/engineering strain curves, and then the ultimate tensile strength (UTS), yield stress and 
elongation were measured and calculated. The tensile test of the baseline alloy, forged 
Ti45Al2Mn2Nb1B (4522XD) were  carried out at room temperature, 450°C and 650°C, 













temperature capability. There are two test pieces for each condition. The facture surfaces of 
the failed tensile test pieces were investigated using the Philips XL30 SEM. 
3.3.3 Fatigue crack propagation threshold testing 
3.3.3.1 Specimen preparation 
All tests were done with corner notched specimen, as shown in Fig.3.6 (a). The test pieces of 
all forged and cast 4522XD and modified alloys were machined by GTG Company. 
Cylinders were cut from the ingots and machined into test pieces containing a square cross 
sectioned gauge of 5x5 mm2 in area and 25mm in length. From previous studies within the 
group, pre-cracking does not affect the threshold of this material, therefore, instead of pre-
cracking, in this research; a notch was induced in the middle of the gauge by EDM using a 
fine wire (φ30µm) with a depth of 0.5mm and a length of 1mm shown in Fig.3.6. 
The coarse Ti4522 and Ti46Al8Nb alloys were used to investigate the effect of lamellar 
orientation on fatigue crack propagation threshold. Therefore, it is crucial to choose the 
proper lamellar orientation when preparing the test pieces. For this part of the work, firstly, 
cylinders were cut from the ingot section longitudinally and sent to GTG Company to 
machine the thread. Then the machined specimens were sent back to IRC (interdisciplinary 
research centre) to machine the gauge by EDM cutting. After that, the final test pieces were 
ground about 40µm with grit 400 SiC grinding paper manually to remove any damage caused 
by EDM, then an additional hand grinding with grinding paper from grit 800 to grit 4000 and 
polishing with polish cloth was operated to all four faces of the gauge area. Finally, they were 




An Axioskop-2 MAT digitized optical microscope, combined with image analysis software 
Axiovision Rel.4.8 was used to examine the etched samples. The area of ±2mm of the middle 
of the gauge length shown in Fig.3.7 at each corner was observed to choose the position to 
induce a notch. Only the position of which the size of the lamellar colony perpendicular to 
the loading axis on both sides of the corner exceeds 0.7mm can be selected, so the notch can 
be made within one lamellar colony. The position was marked, and the specimens were sent 
to Department of Mechanical Engineering, University of Birmingham to make the notch by 
EDM, which can be accurate to 1μm.  
3.3.3.2 Fatigue crack propagation threshold test 
The fatigue crack propagation threshold tests were based on Rolls-Royce standard test 
procedure document (MMM31002) and British Standard BS 6835-1:1998. All the tests were 
carried out at 650°C in air at a stress ratio, R, of 0.1 and frequency of 10HZ with a servo-
hydraulic Instron 8501 test machine with Instron 8500 control system and 10KN load cell, 
shown in Fig.3.8. The wave form employed during testing was a standard sinusoidal wave. 
Due to the brittleness of the material, the fatigue crack propagation tests were done using a 
method proposed by Suresh (1985) and Christman & Suresh (1986) [78], but without pre-
crack. It is carried out by increasing the maximum load very carefully (0.2KN per step) from 
an initial value well below the anticipated threshold. The initial load was chosen 
corresponding to a ∆K which is about 20% lower than the expected threshold ∆K value, 
according to experience. At each load level, 5104 cycles were spent as a minimum value. 
The test was stopped when consistent crack growth was observed and the crack was allowed 
to grow until it reached a predetermined crack length. After that, the number of cycles was 




The extension of the fatigue crack was automatically monitored with a Direct Current 
Potential Difference (D.C.P.D) technique by the potential drop. The D.C.P.D. technique is 
based on the principle that the electrical field applied on the specimen can be influenced by 
the change of crack length or shape. A pair of Pt wires, sheathed in braided silica to prevent 
contact with the chamber wall, was welded with spot welding machine MacGregor m1-10 as 
close as possible to the notch on both sides of the notch and the other end was connected to a 
chart recorder. When a constant direct current, provided by a power supply, is passing 
through the specimen, the potential drop caused by crack propagation is monitored by a 
data/chart recorder as a function of time, in proportion to the number of cycles. The typical 
current passing through the specimen was in a range of 6-8 amps, which generated an initial 
voltage of 200µv at room temperature. As the increase of crack length can cause the increase 
of electrical resistance, when the input current is constant, the output potential increases. 
Finally, the crack length was worked out. The principles are shown in Fig.3.9. 
3.3.3.3 Data processing 
The instantaneous voltage V was normalized by an initial reference potential, V0, and the 
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However, the crack length worked out by D.C.P.D method maybe different from the actual 
crack length. Therefore, both the initial crack length and the final crack length are required to 




optical images by Axiovision Rel.4.8 using a seven point secant method. 7 points were 
selected on the initial front line and final crack front line at specific angles (1°, 15 °, 30 °, 
45 °, 75 ° and 89 °), as shown in Fig.3.10. Then the average values were used for calculation 
of da/dN and ∆K values.   
The crack growth rate was investigated by plotting the crack growth rate (da/dN) as a 
function of stress intensity factor range (∆K). The crack length used for calculation is after 
correction. The number of cycles to that crack length is calculated from the corresponding PD 
value according to the chart. A five-point method was used to smooth the crack growth rate 
curve. Then stress intensity factor range (∆K) for corner-notch specimen was calculated.  
3.3.3.4 Fractography 
The fracture surfaces of failed test specimens were studied by a scanning electron microscope 
(SEM). Two SEMs were used for fractographic analysis: Philips XL30 and JEOL 7000. The 
specimens failed from the notch were examined using secondary-electron images along a line 
at 45 ° to the specimen edge. Both microscopes were operated with an accelerating voltage of 
20kv and a sample tilt angle of 0°. 
3.3.3.5 Roughness 
The fracture surface roughness was assessed using a LEXT OLS4000 3D Laser Measurement 
Microscope with a laser spot size of 0.2µm. The surface roughness, Ra, was measured within 
the fatigue region with a length of 1mm and a width of 160µm, shown in Fig.3.11. The Ra 





Fig.3.1 SEM BSE image showing the linear intercept methods for colony size calculation. 
 
 
Fig.3.2 Schematic illustration showing the definition of γ lamellar thickness, γ/ α2, γ/γ and α2/ 
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Fig.3.3 3D stereographic SEM analysis (a) Definition of coordinate system for lamellar 












Notes: Roughness value for machined surfaces to be 1.6 micrometers unless otherwise stated; 
all dimensions and tolerances are in mm unless otherwise stated 






Fig.3.6 Schematic specimen geometry for fatigue threshold crack propagation testing: (a) 
geometry and dimension of the specimen; (b) position of the notch and cross section of the 
gauge; (c) depth and length of the notch. 
 
 






















Fig.3.9 Schematic illustration showing the principle and data processing for D.C.P.D. 
technique used in testing.  
 
 













Chapter 4.   Effects of microstructural parameters 
on Fatigue crack propagation threshold1 
4.1 Microstructure evaluation 
The material selection and heat treatment were carefully designed to provide different 
microstructural parameters in as-cast Ti4522XD alloys: thin lamellae by air cooling (AC), 
thick lamellae by furnaces cooling (FC), and large colony size by reducing the content of 
boron from 1% in the baseline alloy to 0.3% (107), small colony size (407) and the one which 
contains more equiaxed gamma grains (NL). 
The microstructures were examined using the threaded part of the test pieces with scanning 
electron microscopy (SEM) using back scattered electron (BSE) microscopy. A typical BSE 
image of lamellar Ti4522XD is shown in Fig.4.1, with γ laths appearing dark, α2 laths 
appearing grey and borides appearing bright. Small amounts of equiaxed gamma grains are 
observed to reside at colony boundaries.  
The microstructures of these alloys are shown in Fig.4.2 (a)-(e). It is clear that the 
microstructures of most alloys are fully lamellar, except alloy NL, which contains a large 
amount of equiaxed gamma grains, exhibiting a near fully lamellar microstructure. Although 
                                                 
1 The contents of this chapter are based on the paper by Yang J., Li H., Hu D., and Dixon M., Microstructural 
Characterisation of Fatigue Fracture Surfaces of a Lamellar TiAl Alloy. Intermetallics, 2014. 45: pp. 89-95. 
According to Elsevier's policy, the contents of published journal articles can be included in a thesis. 




there are lots of equiaxed gamma grains in this alloy, the gamma grains are still dispersed. 
They are not evenly distributed but exhibit as the gamma grain clusters. The average lamellar 
colony sizes of alloy AC, FC, 107 and 407 are about 100μm, as shown in Table 4.1. The 
average colony size of alloy 107 and 407 is similar, which is not as intended. The lamellar 
colony size of alloy NL is much smaller; with the average colony size of about 40μm. The 
volume fraction of the equiaxed gamma grains is about 10%, and the size of the gamma grain 
clusters can be larger than 100 μm. From the SEM BSE images of the lamellar thickness of 
alloy AC and FC, it is obvious that the lamellar spacing of alloy FC is much larger than the 
AC sample. The average α2 lamellar spacing (the distance between the α2 plates), average 
thickness of γ laths and the average lamellar spacing (the mean lamellar spacing including 
γ/α2 as well as γ/γ interfaces) are also studied and the summary of the data is given in Table 
4.2. A decrease in the cooling rate during heat treatment, i.e., from air cooling to furnace 
cooling, increased the α2 lamellar spacing, lamellae thickness of γ laths and the lamellar 
spacing. These three parameters of the furnace-cooled samples are almost double those of the 
air-cooled one. The volume fraction of α2 phase is determined to be ~25% for the air-cooled 
samples and ~20% for the furnace-cooled samples. The α2 lamellar spacing, γ lamellae 
thickness and lamellar spacing of alloy 107 and 407 are very close and between that of alloy 
AC and FC. The lamellar colony orientation was investigated by electron back-scattering 
diffraction (EBSD) and the (0001) pole figure of the alpha2 phase of alloy 407 is shown in 
Fig.4.3. Owing to the fact that each lamellar colony descended from one prior alpha grain, the 
orientation of each (0001) α2 spot is the orientation of the lamellar interfaces in each colony. 




4.2 Fatigue crack propagation threshold testing results 
The threshold stress intensity factor range (∆Kth) of all samples tested at 650ºC in air with 
stress ratio of 0.1 is measured to be between 5.5-7 MPa√m, as summarized in Table 4.3. Two 
test pieces of each alloy were tested in order to obtain some indication of the repeatability of 
the properties. Fatigue crack growth resistance curves, fatigue crack growth rate (da/dN) 
versus stress intensity factor range (∆K), are shown and compared in Fig.4.4-6. It is obvious 
that at this temperature, once the threshold stress intensity factor range is exceeded, the 
cracks accelerate rapidly with the increase of ∆K, which can be demonstrated as the cliff edge 
appearance of the curves at the near threshold region. This feature is quite common in TiAl 
alloys. The threshold value of alloy AC is slightly higher than that of alloy FC. However, the 
difference is subtle. Such characteristics follow through all the fatigue crack growth 
resistance curves, shown in Fig.4.4. It also can be seen from Fig.4.5 that there is no obvious 
difference in threshold between alloy 107 and 407. Alloy NL shows the most scattered 
threshold values. Overall, the fatigue crack propagation threshold values of these alloys is 
within a very narrow range. 
4.3 Fatigue fracture surface features 
4.3.1 Overall view 
The overview of the fracture surfaces of alloy AC, FC, 107, 407 and NL is shown in Fig.4.7-
9 along the diagonal of the broken test piece with the crack growth direction from right to left. 
A straight notch front induced by EDM is shown on the right edge, and a large area of fatigue 




boundary between the fatigue and tensile fracture regions can be easily identified under 
optical microscopy through the shade of discolouration caused by oxidation during the 
fatigue test, shown in Fig.4.10. The tensile failure was carried out at room temperature and 
therefore gives a bright colour. Although the boundary between the fatigue and tensile 
fracture regions cannot be seen by SEM, the subtle topological contrast brought out by the 
SEM image is still discernible for the investigated material. The stress intensity factor range 
∆K starts from the threshold right ahead of the EDM notch at the end of fatigue region in 
Fig.4.7-4.9. 
It can be seen from these images that the fracture surface becomes rougher as the cracks 
propagate. The roughness was examined by a Laser Measurement Microscope and the results 
of alloy 107 and 407 are shown in Table 4.4. The given data also reveals that the roughness 
increased with increase of the stress intensity factor range ΔK. 
Two dominant fracture mechanisms, interlamellar fracture and translamellar fracture, have 
been observed and are shown in Fig.4.11. In these two images, the fatigue crack propagation 
direction is from bottom to top, which applies to all the images of fracture surface of fatigue 
tested samples in this thesis, except the montages of the fracture surfaces as in Fig.4.7-9. 
There are no striations found on the fracture surface in the fatigue region, which would be 
typical for stable fatigue crack propagation for ductile materials. Some other features, such as 
intergranular fracture caused by the failure along equiaxed gamma grain boundaries, 
debonding between borides and the matrix and the transverse ridges on the translamellar 




4.3.2 Interlamellar fracture 
Interlamellar fracture occurred throughout the crack growth region as can be seen by the 
group of facets, shown in Fig.4.11a. Those facets could be darker or brighter than their 
surroundings when examined by secondary electron SEM, depending on their orientations. 
Interlamellar fracture was observed more at the high ΔK region at the left side of the images in 
Fig.4.7-9. The dark facets, shown in Fig.4.11a and Fig.4.13a, are from the lamellar colonies 
which are parallel to or having small angles with the fracture plane. With increasing of the 
angle between the facet and fracture plane, the facets appear brighter and their morphology is 
more like a cliff-edge. However, it is difficult to see such cliff-edges by SEM at low 
magnification. Fig.4.12 shows two examples of interlamellar fracture surfaces with cliff-edges at 
high magnification. These two interlamellar fracture surfaces are from the lamellar colonies with 
an angle of about 50-60° off the stress axis. Although their orientation with respect to the stress 
axis is similar, their orientation with respect to the overall crack propagation direction is very 
different. In Fig.4.12a, the lamellar interface trace of the concerned colony is almost parallel to 
the overall crack propagation direction whilst in Fig.4.12b it is almost perpendicular to it. The 
details of the fracture surface of the cliff-edge interlamellar fracture were examined through 
rotating the sample by 60° to make the faceted surface almost perpendicular to the beam direction 
and are shown in Fig.4.13b. It is clear that in contrast to smooth faceted fracture surface in 
Fig.4.13a, the fractured lamellar interfaces in this colony are very rough. Examination on the 
fractured interfaces of other cliff-like interlamellar fracture revealed that both smooth 
surfaces and rough surfaces were observed. However, rough fractured interfaces were not 




Interlamellar failure was found both on γ/α2 interfaces and γ/γ interfaces under cyclic load. 
Fig.4.14 (a) - (d) shows the SEM SE images and SEM BSE images of the profile of two 
interlamellar fractured colonies milled by FIB (focused ion beam). The interlamellar fracture 
surfaces in Fig.4.14 (a) and (b) consist of several facets and steps. The α2 laths appear bright 
on the milled surface in Fig.4.14 (b). It is clear that the extension of both the lamellar 
interface A and B on the milled section exhibit bright bands in the BSE image, therefore, the 
interlamellar fracture in this colony occurs on the γ/α2 interfaces. Fig.4.14 (c) and (d) show 
the SE and BSE image of another interlamellar fractured colony that failed on the γ/γ 
interface, as the extension of the interface shows dark in the BSE image on the milled section 
in Fig.4.14 (d).   
The orientation of interlamellar-cracked colonies observed on the fracture surface in the 
fatigue zones was studied using SEM by tilting the sample stage. The stage was tilted to 
maximise or minimise the shown area of a lamellar interface. The orientation can be worked 
out from the tilt angle with an accuracy of about 5° and also the angle between the facet and 
the overall crack propagation direction with an accuracy of about 1°. The orientation of the 
interlamellar-cracked colonies is described by a pole figure and the three axes are defined as 
follows: the direction of the applied stress, N, is in the centre; the A axis which is at the top of 
the pole figure is parallel to the overall crack propagation direction and the B axis to the right 
of the pole figure is perpendicular to the overall crack propagation direction, as shown in 
Fig.4.15. The orientation of the interlamellar-cracked colonies is shown in the pole figures by 
the poles of their lamellar interface normal and can be described by two angles. For example, 
two angles of a lamellar colony labelled ‘16.1’ are shown in Fig.4.16a. The first angle is the 




for simplicity. The second angle is the angle between the lamellar interfaces and the overall 
crack propagation direction which is the angle between the projection of lamellar interface 
normal onto the fracture plane and the A axis. In the present study, this angle is referred to as 
the ‘Sub-Orientation’. Obviously, the orientation of the two interlamellar-cracking facets in 
Fig.4.12 is similar but their Sub-Orientations are different. Facet (a) is nearly parallel to the 
overall crack propagation direction while facet (b) in is almost perpendicular to it. 5 samples 
were selected for examination and the results are given in pole figures in Fig.4.16a-e. Every 
dot in the pole figures represents the normal of a lamellar interface from an interlamellar-
cracked colony, and the stress intensity range ΔK of each colony is given next to it. The given 
stress intensity range ΔK here for each point on the fracture surfaces was measured by linear 
interpolation between the crack length of the specific point and that of the notch. As 
mentioned in chapter 3, the crack length is determined using D.C.P.D method. As this 
method can only guarantee accuracy to single decimal place of the stress intensity range 
values, the results given here cannot be treated as quantitative, but semi-quantitative at most.   
From the points highlighted in the pole figures, several conclusions can be drawn. Firstly, 
interlamellar fracture can occur when the Orientation of lamellar colonies is close to 0° at 
both low and high ΔK levels. Secondly, interlamellar fracture of lamellar colonies with high 
angle Orientation can occur only at high ΔK, exhibiting cliff-edge morphology. Finally, when 
the Orientation is constant, the interlamellar cracking behaviour is almost not affected by 
different Sub-Orientations. Based on the examination of the fracture surfaces of the 10 
samples tested here, it is clear that both lamellar orientation and stress intensity range ΔK 
influence the occurrence of interlamellar fracture and morphology of the fracture surface. At 




interface is parallel to the fracture plane or with a deviation up to ~30° at most. The pole 
figures of 5 analysed samples given in Fig.4.16 all reveal these features in spite of the tiny 
difference of the ΔK range of each sample.  
4.3.3 Translamellar fracture 
Translamellar fracture was found throughout all the fracture surfaces and it is the dominant 
fracture mode during the whole fatigue crack propagation process. The observation in this 
study reveals that the morphology of a translamellar fracture surface is different at different 
ΔK level.  
At low ΔK values, the fracture surfaces of translamellar fractured colonies are very smooth, 
as shown in Fig.4.17. The three colonies shown here are at ΔK values of 7.5, 6.4 and 
6.5MPa√m. They all have high angle Orientations but different Sub-Orientations (A, B and 
AB respectively). It can be seen from the images that the morphology of the fracture surface 
is not affected by Sub-Orientation. In addition, some parallel linear markings are observed on 
the lamellae of translamellar fractured colonies. However, their direction may be different in 
different lamellae. Also, it seems that they are not related to the overall crack growth 
direction. 
Compared with the fracture surfaces of translamellar cracked colonies observed at low ΔK 
level, the fracture surfaces at high ΔK are very different and they are much rougher, such as 
those in Fig.4.18. The two translamellar-cracked colonies shown in Fig.4.18 are at ΔK values 
of 15.5 and 16.2 MPa√m. Similarly to those shown in Fig.4.17, both of them have high angle 




Orientation from axis A and the other in Fig.4.18b is approximately 70°. The roughness at 
high ΔK values came from the large steps formed by secondary interlamellar cracking (two 
deep vertical interfacial cracks in Fig.4.18a) and small steps within/along each lamella. No 
small steps were found when ΔK is low. At high ΔK, although translamellar fracture is the 
predominant manner during crack propagation, interlamellar delamination is still observed 
throughout the fracture surface. 
4.3.4 Other features 
Apart from the two main fracture modes mentioned above, there are several other fracture 
behaviours during fatigue crack propagation in gamma titanium aluminides. The 
intergranular and transgranular fracture, shown in Fig.4.19 and Fig.4.20, which are caused by 
the failure of equiaxed gamma grains, are observed in the area of γ grains in each sample. 
The intergranular fracture surface in Fig.4.19a, b and c have different angles to the fracture 
plane. In Fig.4.19a it is nearly parallel to the fracture plane; in Fig.4.19b it is almost 
perpendicular to the fracture plane; and in Fig.4.19c it exhibits an intermediate angle. Thus, 
intergranular fracture can occur at any orientation. As the volume fraction of equiaxed 
gamma grains in alloy NL is higher than other alloys, large areas of intergranular fracture in 
Fig.4.20 are detected in this alloy. Although intergranular fracture is the predominant fracture 
mode for the equiaxed gamma grains, transgranular fracture still occurs, as shown in Fig.4.20 
(b). There are some equiaxed gamma grains in the near-notch region (50μm from the notch in 
depth) on the fracture surface of sample NL1, but these features are not found in the near-




The second feature is the debonding between borides and the matrix. Large boride ribbons 
with both curvy and straight shape were observed on the fracture surfaces. Fig.4.22 (a) – (d) 
shows the fracture induced by the curvy boride ribbons in alloy AC and FC with a very 
smooth surface, revealing that the crack propagated along the interface between the borides 
and the matrix. Fig.4.23 (a) – (c) exhibits the sites on the fracture surface of alloy 107, 407 
and  NL where borides are pulled out from the matrix during crack growth, leaving a straight 
and flat morphology. It can be seen that the boride ribbons in Fig.4.23 (a) and (c) are almost 
parallel to the fracture plane, while that in Fig.4.23 (b) makes an angle about 40° to the 
fracture plane. Therefore, the debonding between borides and the matrix can occur during 
crack propagation, regardless of the orientation of borides. 
Some transverse ridges, appearing to be a river pattern, are observed on the fracture surface 
of translamellar-cracked colonies near the interlamellar-cracked colonies In Fig.4.24a, the 
interlamellar-cracked colony, which is composed of several facets in the centre, is encircled 
by some translamellar-cracked colonies and is just at the notch, with a ∆K value of 
6.3MPa.m1/2. The river pattern on the fracture surfaces of these translamellar-cracked 
colonies radiates from the interlamellar-cracked colony and it reveals the real crack growth 
direction. The ridges converge at one point and this point is the crack initiation area. 
Therefore, in this image, it is obvious that the crack initiated in the colony at the centre then 
propagated to the adjacent colonies while the overall crack growth direction is from bottom to 
top.  
Another example is shown in Fig.4.24b, in which the translamellar-fractured colony is below 
the interlamellar-fractured colony. The direction of the ridges on the translamellar facture 




direction is from top to bottom. In Fig.4.24c, the interlamellar cracking occurred within one 
lamellar colony with an angle about 30° to the fracture plane. The interlamellar facture 
surface shown here is composed of a set of facets along the lamellar interface at different 
depths and the trace of tearing through the lamellae between these facets. It seems that there 
are no ridges on this fracture. However, when observed at high magnification, the ridges, 
appear to be a river pattern, as can be seen in Fig.4.24d, which is a high magnification image 
of area ‘A’ in Fig.4.24c. Therefore, the actual crack growth direction in this colony is from 
top to bottom, which means the crack fractured firstly on the lamellar interface A, and then 
propagated to lamellar interface B. This is again opposite to the overall crack growth 
direction.  
4.4 Tensile properties 
Tensile tests on alloy AC and FC were carried out with cylindrical samples at 650°C to assess 
the tensile behaviour of the samples with different lamellar spacing. Two test pieces were 
used for each alloy in order to obtain some indication of the repeatability of the properties. 
The results shown in Table 4.5 indicate the tensile properties of both alloys are repeatable and 
the ductility of both alloys is reasonable, higher than 1%. Alloy AC exhibits a slightly higher 
yield stress and better ductility than alloy FC. The fracture surfaces of failed test pieces were 
examined by SEM. The overall fracture surfaces are shown in Fig.4.25 (a) and (c) and the 
high magnification images are given in Fig.4.25 (b) and (d). The test pieces of both alloys 





4.5.1 Mechanism of fatigue crack propagation in lamellar γ-TiAl and 
Microstructural characterisation of fracture surfaces 
The fatigue crack growth curves of all the studied alloys shown in Fig.4.4-4.6 all exhibit high 
sensitivity of crack growth rate, da/dN to the stress intensity factor range ΔK throughout the 
entire range of crack propagation. This is analogous to other brittle materials. The three 
regions of fatigue crack propagation (near threshold, stable crack propagation i.e. Paris 
Region and unstable fast crack propagation) are distinguishable in spite of the limited range 
of ΔK of the whole crack growth. 
The fatigue crack propagation mainly occurs in translamellar and interlamellar manner in the 
fully lamellar and near fully lamellar gamma titanium aluminides in this study, which are 
both brittle modes of failure. Translamellar fracture is regarded as cleavage through the 
adjacent lamellar plates. In the present alloys, it appears that the interlamellar fracture occurs 
on both γ/γ and γ/α2 interfaces under cyclic loads. Intergranular and transgranular fracture are 
also representative brittle fracture modes, and these are observed in the area of γ grains. 
Compared with transgranular fracture, intergranular fracture is more common at 650ºC in this 
study. 
Brittleness is the nature of lamellar gamma titanium aluminides and it is associated with the 
low ductility of most of this material. The ductility of lamellar TiAl alloys is usually less than 
2% below their brittle-ductile transition temperature. As shown in Table 4.5, the ductility of 




cracks and voids may form after the plastic deformation. However, the cracks in lamellar 
gamma titanium aluminides form at the very start of plastic deformation, which has been 
shown by some early studies where the first crack was detected just above the elastic limit 
under monotonic loads, at about 2/3-3/4 of the 0.2% proof stress [124, 125]. This intrinsic 
brittleness of lamellar gamma titanium aluminides is because of their complex and ordered 
crystal structure, which leads to dislocations with large Burgers vectors and therefore low 
mobility. The low transparency of interfaces for slip transfer also contributes to the brittleness 
of lamellar γ-TiAl alloys [126]. As a consequence, in such materials, the most efficient 
approach for accommodation of discontinuity of deformation from cross-lamella slip is 
interfacial cracking, such as interlamellar cracking and intergranular cracking.  Thus the 
fracture surface of lamellar titanium aluminides is composed of interlamellar facets and also 
intergranular cracks under monotonic loads, which can be easily observed from the fracture 
surfaces of tensile tested samples in Fig.2.25. Fatigue fracture surfaces of lamellar titanium 
aluminides in this study are nearly identical to the fracture surface of tensile failed test pieces. 
This observation is analogous to other brittle materials and agrees with the early studies [93]. 
Although the fracture surfaces of fatigue tested specimens are analogous to those under 
monotonic loading, they exhibit their own features, especially the fracture modes 
(interlamellar cracking and translamellar cracking) at different stress intensity range ΔK and 
lamellar orientation. As shown in Fig.4.7-9, interlamellar fracture in low ΔK areas can only 
take place in the colonies with a low angle between the lamellar interface and crack growth 
plane. This implies that at low ΔK, only when the applied stress is nearly parallel to the 
lamellar interface normal, can it overcome the intrinsic coherency stresses of lamellar 




fractured facets are observed more in high ΔK areas than in the low ΔK areas, and 
interlamellar fracture in high ΔK areas can occur with any lamellar orientation, which induce 
lots of crack deflection. An increase in crack deflection with increasing ΔK can be confirmed 
with the rougher fracture surface exhibited in high ΔK regions, as shown in Fig4.7-4.9; the 
fracture surface is gradually rougher from right to left. This observation is consistent with the 
roughness examination results listed in Table 4.4. As interlamellar cracking at low ΔK only 
occurs when lamellar interface normal is almost perpendicular to the crack growth plane, 
translamellar cracking is the dominant fracture mode in low ΔK region.  
Apart from the fracture mode, the morphology of interlamellar fracture and translamellar 
fracture surface is also influenced by stress intensity range, which has been reported in some 
early work but not investigated in detail [101, 127].  As shown in Fig.4.13, the fracture 
surface of interlamellar cracking is flatter at low ΔK than at high ΔK with high angle 
Orientation. This interlamellar cracking in translamellar-cracked colonies was only found in 
high ΔK region, which is in accordance with James’ work [123]. However, there is no work 
published about the smooth translamellar fracture surface at low ΔK. In the present work, 
smooth translamellar fracture surfaces were found in the area where stress intensity range ΔK 
is low, as shown in Fig.4.17 (a)-(c). It is important to understand this phenomenon as these 
smooth fracture surfaces were all observed in near-threshold regions, which is just adjacent to 
the notch with low ΔK value. Based on the observation of the near-threshold region in this 
study, the samples fractured primarily by translamellar cracking and such smooth 




Although it is not easy to overcome the intrinsic stress of lamellar interfaces to initiate an 
interlamellar fracture, the interlamellar cracking within one colony is easy and fast. The crack 
propagation along a lamellar interface is nearly instantaneous, thus not providing much crack 
resistance as cracks propagate through lamellae. Nonetheless, interlamellar cracking may 
change the local crack growth direction and lead to a tortuous crack path. Furthermore, the 
forming of interlamellar cracks itself may absorb some energy, thus providing crack 
resistance and retard crack propagation. The behaviour of intergranular fracture and the 
debonding between borides and matrix is similar to that of interlamellar fracture. When the 
borides or equiaxed gamma grains are not ahead of the main crack, or their interfaces are not 
with the same direction of the overall crack growth direction, as shown in Fig.4.19, 4.22 and 
4.23, they may cause crack deflection, which is a typical toughening mechanism during 
fatigue crack growth.  
Another observation is the different effects of Orientation and Sub-Orientation on fracture 
mode. Unlike Orientation, Sub-Orientation of the lamellar colonies exhibited little influence 
on the fracture mode during crack propagation. The effects of Orientation on fracture mode 
are because of their influence on slip/twinning systems. It can be easily figured out that the 
Schmid Factor of the slip/twinning systems is affected by Orientation but not Sub-Orientation. 
In this study, some areas with opposite or oblique direction to the overall crack growth 
direction were observed on the fracture surface, as shown in Fig.4.24. This is due to the 
interlamellar cracking ahead of the main crack during fatigue crack propagation and it also 
leads to the severance of the ligament. This characteristic is important for the fracture of 
lamellar titanium aluminides and is consistent with some early study [128]. However, the 




detailed observation was made on the real fracture surfaces of the specimens, exhibiting the 
evidence of interlamellar cracking ahead of the main crack. 
4.5.2 Effects of microstructure on fatigue crack propagation threshold 
The effect of lamellar spacing on fatigue crack propagation threshold was studied with alloy 
4522XD which had been either air cooled or furnace cooled. The two alloys have similar 
colony sizes (~90μm and ~79µm) but different lamellar spacing. The lamellar spacing of 
alloy FC is nearly double that of alloy AC, as well as the γ lamellae thickness and α2 lamellar 
spacing, as shown in Table 4.2. The volume fraction of α2 phase decreased with decrease of 
cooling rate from air cooling to furnace cooling, which was reported in Mine’s early work 
[90]. The alloy AC with small lamellar spacing only shows slightly higher fatigue crack 
propagation threshold (6.2/6.0 MPa.m1/2) than that of alloy FC with larger lamellar spacing 
(5.7/5.8MPa.m1/2). The yield strength of alloy AC (405/400MPa) is also slightly higher than 
that of alloy FC (380/384MPa). Although the improvement of fatigue threshold and yield 
strength by smaller lamellar spacing is subtle, the results of each condition are very stable. 
Therefore, both fatigue threshold and yield strength can be enhanced by smaller lamellar 
spacing. This is consistent with the results reported in some early work. The difference of 
lamellar spacing among the alloys in their work was much larger than that studied here. The 
lamellar spacing of the air cooled sample is about one quarter of that of the furnace cooled 
one, and the difference in threshold is from ~6.5 to ~8MPa.m1/2 under three-point bending. 
The movement of cracks can be efficiently retarded by lamellar interfaces. As translamellar is 
the dominant fracture mode during crack propagation, it is easily rationalized that fine 





There could be an influence of colony size on fatigue crack propagation threshold, but the 
colony sizes of alloy 107 and 407 are very close, as well as the lamellar spacing. As a 
consequence, there is no difference in their threshold.  
The equiaxed gamma grains mainly cause brittle intergranular fracture at elevated 
temperature. When there are only a few equiaxed gamma grains in the near-notch region, the 
fatigue threshold may not be affected by the intergranular fracture. When the fracture of 
equiaxed gamma grains fail with different orientation to the overall fracture plane (high angle 
orientation intergranular fracture), as shown in Fig.4.20 (b) and (c), crack deflection will 
occur, giving a tortuous fracture path, which can improve crack growth resistance. When a 
certain amount of intergranular cracking, of which the fracture surfaces are with the same 
orientation of the overall fracture plane (low angle orientation intergranular fracture), are in 
front of the main crack, microcrack coalescence can occur. This is a typical intrinsic damage 
mechanism which promotes the crack growth ahead of the crack tip. Therefore, this type of 
intergranular fracture in the near-notch region can give rise to a low fatigue crack propagation 
threshold, which can be confirmed with the lower threshold (5.5 MPa√m) of sample NL-1, 
with a number of low angle orientation intergranular fracture in the near-notch region. While 
the threshold of sample NL-2 is 7 MPa√m, with no intergranular fracture observed near the 
notch. 
4.6 Conclusion 
The samples subjected to fatigue crack propagation threshold testing fail by interlamellar 
cracking and translamellar cracking at 650ºC, which is similar to failure under monotonic 




intensity factor range ∆K. At low ∆K level, interlamellar only occurs in lamellar colonies 
with lamellar interface parallel to the fracture plane, while at high ∆K level, interlamellar 
cracking occurs in lamellar colonies at any lamellar orientation. 
The fatigue crack propagation threshold of as-cast alloy Ti4522XD shows limited sensitivity 
to microstructure parameters within the range investigated, such as lamellar spacing and 
















     
     
 
Fig.4.2 SEM BSE images showing the microstructures of five as-cast 4522XD alloys: (a) AC 
(thin lamellar spacing); (b) FC (thick lamellar spacing); (c) 107 (large colony size); (d) 407 




















Fig.4.3 (a) SEM BSE image showing the lamellar microstructure of alloy 407 and (b) the 







Fig.4.4 Fatigue crack growth curves of alloy AC (air cooling) and FC (furnace cooling) with 





























 Fig.4.5 Fatigue crack growth curves of alloy 107 (large lamellar colony size) and 407 (small 



































Fig.4.7 SEM montage showing the fracture surface of test pieces AC and FC. The crack 
















 Fig.4.8 SEM montage showing the fracture surface of test pieces 107 and 407. The crack 











Fig.4.9 SEM montage showing the fracture surface of test pieces NL. The crack propagation 










Fig.4.10 Optical microscopy image show the fracture surface of the broken test piece. The 





Fig.4.11 Two major fracture modes of the fracture of gamma TiAl alloys: (a) interlamellar 








Fig.4.12 Interlamellar fracture at high ∆K region; (a) ∆K =14.5 and (b) ∆K =14.1MPa√m. 
 
 
    
Fig.4.13 Interlamellar fracture surfaces at low ∆K region and high ∆K region; (a) ∆K=7.6, 










    
    
 
Fig.4.14 SEM SE image (a) and (c) and SEM BSE image (b) and (d) showing the profile of 



















Fig.4.16 Pole figures showing the orientations of interlamellar-cracked colonies together with 
their local stress intensity range observed on the fracture surfaces of samples (a) and (b) with 







   
(a)                                                                      (b) 
 
                                   (c) 
Fig.4.17 Translamellar fracture at low ΔK; (a) 7.5, (b) 6.4, and (c) 6.5MPa√m.  
 
   
(a)                                                                      (b) 






(a)                                                                      (b) 
 
                                   (c) 
Fig.4.19 SE SEM image of   intergranular fracture of equiaxed gamma grains observed on the 







              
 
Fig.4.20 SEM SE image of (a) intergranular and (b) transgranular fracture of equiaxed 

















   
   
   
Fig.4.22 SEM SE images showing details of debonding between curvy borides and the matrix 

















   
 
Fig.4.23 SEM images showing the debonding between boride ribbons and the matrix in alloy 









   
(a)                                                                      (b) 
  
(c)                                                                     (d) 
Fig.4.24 Linear features on the translamellar fracture surfaces adjacent to interlamellar 






   
Fig.4.25 SE SEM images of fracture surfaces of the failed tensile test pieces, showing (a) and 
(b) from alloy AC, and (c) and (d) from alloy FC. (a) and (c) are the overall surface 
morphologies, and (b) and (d) are the high magnification image of the fracture surface of 

















Table 4.2 Average α2 lamellar spacing, γ lamellae thickness and lamellar spacing of alloy AC, 











Materials α2 lamellar spacing 
(µm) 




AC 2.05 0.74 0.62 
FC 4.31 2.15 
 
1.54 
107 3.04 1.10 0.74 













AC1 6.2 0.1 650 
AC2 6.0 0.1 650 
FC1 5.7 0.1 650 
FC2 5.8 0.1 650 
107-1 6 0.1 650 
107-2 7 0.1 650 
407-1 
 
6.2 0.1 650 
407-2 5.5 0.1 650 
NL 1 5.5 0.1 650 







Table4.4 Surface roughness of alloys 107 and 407 after fatigue crack propagation threshold test 
 

















ΔKth 6 2.8 7 3.6 6.2 2.8 5.5 3.6 
ΔKmid 10.3 10.2 11.9 7.8 10.5 13.1 9.1 6.1 


















AC 405 541 1.4 650 
AC 400 531 1.5 650 
FC 380 477 1.0 650 




Chapter 5.  Effects of alloy composition on Fatigue 
crack propagation threshold 
5.1 Microstructure evaluation 
Five forged alloys Ti45Al2Mn2Nb1B (at %) (Ti4522XD), Ti45Al2Nb2Ta1B (2Nb2Ta), 
Ti45Al2Mn2Ta1B (2Mn2Ta), Ti45Al2Mn4Nb1B (2Mn4Nb) and Ti45Al2Mn4Ta1B 
(2Mn4Ta), were studied in this section to investigate the alloying effects on the 
microstructure and properties of gamma titanium aluminides. Alloy 2Mn2Nb, i.e. 4522XD is 
the baseline alloy, and others are its modifications. The microstructures of this series of the 
five forged alloys are shown in Fig.5.1 (a)-(e). In these SEM BSE images, it is clear that all 
of the five alloys are of lamellar microstructure, with few equiaxed γ grains on the colony 
boundary and borides throughout the whole image.  
The lamellar colony size and the size distribution of these lamellar colonies for each alloy are 
shown in Fig.5.2, from which it is clear that the microstructure of these alloys are 
homogeneous. The colony size of most colonies is within a range of about 20 to 60µm, only a 
few colonies are very large, with the colony size up to 150µm. There are no significant 
differences among the colony size of five forged alloys, when the standard deviation is 
included, as shown in Table 5.1.  However, a very slight trend can be found - 2Nb2Ta and 
2Mn2Ta alloys have smaller colony sizes than other three alloys. The average α2 lamellar 
spacing, γ lamellae thickness and lamellar spacing of alloy 2Nb2Ta are slightly smaller than 
those of alloy 2Mn2Nb and 2Mn2Ta alloy, as shown in Table 5.2. Nb addition slightly 




about 24 and 26%; alloy 2Mn4Nb and alloy 2Mn4Ta, with α2 phase about 19% and 28%, as 
shown in Table 5.3. The lamellar orientation of these alloys was studied with the samples cut 
from the thread of the tensile testing specimens along and perpendicular to the loading 
direction. Their microstructures are shown in Fig.5.3, and the EBSD (0001)α2 pole figures 
shown in Fig.5.4 indicate that the lamellar orientation of these five alloys are randomly 
distributed.  
5.2 Effects of alloy composition on hardness  
The hardness of these five alloys was measured with Vickers hardness method with polished 
samples and the applied load was 20Kgf and the results are shown in Table 5.4. It is seen that 
the hardness of these alloys are very similar. Only the hardness of 2Nb2Ta alloy is slightly 
higher than others. 
5.3 Effects of alloy composition and temperature on tensile properties 
5.3.1 Effects of alloy composition on tensile properties and examination of 
fracture surface 
Tensile tests on alloy 2Mn2Nb, 2Mn2Ta, 2Nb2Ta, 2Mn4Nb and 2Mn4Ta were conducted 
with cylindrical samples at 650°C to assess the tensile behaviour of the samples with 
different alloy composition. Two test pieces were used for each composition in order to 
obtain some indication of the repeatability of the properties. A summary of the tensile 
properties of these alloys is given in Table 5.5, where outstanding consistency was noted for 




below 2% at 650°C, regardless of their composition. The ductility alloys 2Nb2Ta (1.7/1.9), 
2Mn2Ta (1.6/1.9) and 2Mn4Ta (1.6/1.9) is slightly better than that of alloys 2Mn2Nb (1.4/1.5) 
and 2Mn4Nb (1.1/1.3).  
Fractographic examinations were carried out on the failed samples by SEM. The overall 
fracture surfaces, as shown in Fig.5.5 (a), (c) and (e), exhibit a relatively flat morphology, 
revealing a brittle fracture mode of these alloys, regardless of the composition. For these fine-
grained lamellar TiAl alloys, crack initiation sites are difficult to identify on the fracture 
surfaces, although interlamellar cracking near the test piece surface was observed in Fig.5.5 
(b), (d) and (f) [129]. However, there are still some features on the fracture surfaces worth 
noting. The cracking in lamellar titanium aluminides mainly appears to be translamellar, 
although the crack occasionally propagates either along the lamellar interface as manifested 
by small facets or through lamellar colony boundaries as shown in Fig.5.6.  Another feature 
on the fracture surfaces is that there are groups of fairly smooth but curvy surfaces at 
different orientations, which can be seen in in Fig.5.7 (a). There are neither translamellar 
cracking nor interlamellar cracking surfaces. Brittle intergranular fracture caused by the 
failure of equiaxed gamma grains is observed. The debonding between borides and matrix 
crack was also observed visible in Fig.5.7 (b) as flat rectangular surfaces. 
5.3.2 Effects of temperature on tensile properties and examination of 
fracture surfaces 
Tensile tests of the base line alloy 2Mn2Nb were carried out at room temperature, 450°C and 
650°C. The data is given in Table 5.6. Tensile properties of this alloy show strong 




gradually from room temperature to 650°C; on the other hand, the elongation goes up slightly. 
The overall fracture surfaces of selected samples tested in all cases are shown in Fig.5.8. 
They all exhibit a quite even and flat morphology, revealing a similar brittle fracture model 
below the brittle ductile temperature. The fracture mode at these three temperatures is very 
similar, mainly consisting of translamellar fracture and interlamellar fracture, as shown in 
Fig.5.9.  
5.4 Effects of alloy composition on fatigue crack propagation 
threshold 
5.4.1 Fatigue crack propagation threshold testing results 
The fatigue crack growth resistance curves, fatigue crack growth rate (da/dN) versus stress 
intensity factor range (∆K) obtained for the forged 2Mn2Nb, 2Mn2Ta, 2Nb2Ta, 2Mn4Nb and 
2Mn4Ta are shown in Fig.5.10- Fig.5.14. All tests were conducted at 650°C in air with stress 
ratio of 0.1 Two specimens were used for each alloy in order to obtain some indication of the 
repeatability of the properties. From the results summarized in Table 5.7. It can be seen that 
the fatigue crack propagation threshold of these alloys falls in a very narrow range, between 
5.6-6.3 MPa√m, and the threshold for each alloy is relatively consistent. Note that only one 
result for alloy 2Mn2Nb and 2Nb2Ta was obtained due to some unexpected issue of the test 
machine.  
From the overall curves given in Fig.5.10, it is clear that like the cast alloys studied in 
Chapter Four, the fatigue crack growth resistance curves of the forged alloys studied here 




growth rate da/dN shows high sensitivity to stress intensity factor range ΔK, which is typical 
for brittle materials. Alloy 2Mn4Nb shows the highest fatigue crack growth rate while alloy 
2Mn2Nb, which is the baseline alloy, shows the slowest crack growth rate or in other words 
the highest fatigue crack growth resistance. From the curves shown in Fig.5.11, it can be seen 
that with the same content of Mn, the alloy with 2Nb has a slightly higher threshold and crack 
growth resistance than the alloy with 2Ta. However, with the same content of Mn, when the 
content of Nb and Ta increases to 4Nb and 4Ta, the results are very close, as shown in 
Fig.5.12. In addition, the increase of Nb content from 2 to 4 leads to a decrease of both 
threshold and crack resistance in Fig.5.13; while the increase of Ta seems have no influence 
on both threshold and crack resistance, as shown in Fig.5.14.  
5.4.2 Fracture surface features 
The fracture surfaces of alloy 2Mn2Nb, 2Mn2Ta, 2Nb2Ta, 2Mn4Nb and 2Mn4Ta are 
selected and collated in Fig.5.15 and Fig.5.16. A notch was induced by EDM on the right 
edge, and the fatigue crack growth area and final monotonic tensile fracture area is shown 
from right to left. From the fractographic observations, it is noted that the failure mainly 
occurred by translamellar fracture and interlamellar fracture, which indicated that the test 
pieces failed in a brittle manner in general. The fracture surface of near threshold area (about 
50μm from the notch) is relatively smooth compared with that of other area. 
The behaviour of both translamellar facture mode and interlamellar fracture mode has been 
assessed for different ranges of stress intensity factor range ∆K. Fig.5.17 shows the 
morphology of translamellar fracture surface at low ∆K (6.5 for 5.17(a) which is just at the 




fracture is rather flat, while at high ∆K, it is much rougher. It can be also noted that the 
secondary interlamellar cracking was observed on the fracture surface of translamellar 
fracture at high ∆K, as shown in the high magnification image in Fig.5.17 (b). These 
secondary interlamellar cracks lead to the large steps on the fracture surface thus causing a 
rougher morphology of translamellar fracture at high ∆K region.  
Interlamellar fracture also shows a strong dependence on the stress intensity factor range ∆K. 
In low ∆K region, interlamellar cracking only occurs occasionally when the lamellar interface 
is parallel to the fatigue crack growth plane, as shown in Fig.5.18 (a) with ∆K=6.5 MPa.m1/2, 
appearing as a very flat facet. However, in high ∆K region, interlamellar fracture could occur 
at any orientation, appearing as a cliff-edge morphology, which is not observed in the low ∆K 
region, as shown in Fig.5.18 (b) and (c), with the ∆K value of 21.8 and 21.6 MPa.m1/2. From 
the fracture surface shown here, it can be seen that not only interlamellar fracture, but also 
delamination between lamellae in the same lamellar colony was observed. 
Apart from translamellar and interlamellar fracture, some other brittle fracture modes, such as 
the debonding between borides and matrix and intergranular fracture in the area of equiaxed 
gamma grains are found on the fracture surfaces. The fractured boride appears as a long facet 
with a few steps, as shown in Fig.5.19. The intergranular fracture is found in the area of 
equiaxed gamma grains, and the fracture surface can be at a different angle to the overall 
fracture plane, as shown in Fig.5.20. Fig.5.20 (d) shows a high magnification SEM image of 
intergranular fracture which is marked in Fig.5.20(c), and it can be seen that the fracture 





The studied alloys 2Mn2Ta, 2Nb2Ta, 2Mn4Nb, 2Mn4Ta and2Mn2Nb are all with fully 
lamellar microstructure, as shown in Fig.5.3, and the lamellar orientation is randomly 
distributed, as shown in the pole figures in Fig.5.4. The lamellar colony size of alloy 
2Mn2Nb and 2Mn4Nb is slightly larger than other Ta containing alloys, leading to a poorer 
ductility than Ta containing alloys. Alloy 2Nb2Ta shows the highest yield strength among 
these alloys, about 10% higher than others, which may be due to its small lamellar spacing, 
compared with 2Mn2Nb and 2Mn2Ta. 
Translamellar fracture and interlamellar fracture are the main fracture modes no matter 
whether the test piece is under monotonic load or cyclic load. For fatigue crack propagation 
threshold test, translamellar fracture is the dominant fracture behaviour throughout the entire 
crack growth progress. The occurrence of interlamellar fracture is strongly dependent on the 
lamellar orientation and stress intensity factor range ∆K. In low ∆K area, near the notch, 
interlamellar fracture can take place only when the lamellar interface is parallel with or at a 
low angle to the crack growth plane. However, it can occur in a colony where the lamellar 
interface makes either a low or high angle to crack growth plane in high ∆K region.  
The crack propagation can be efficiently impeded when crossing the lamellar interfaces 
whilst moving quite fast along lamellar interfaces. Thus translamellar cracking can afford 
reasonable crack growth resistance while interlamellar cracking itself cannot provide much 
crack resistance. However, the formation of interlamellar fracture can retard crack 
propagation and change the local crack growth direction. Similar effect is also applied to 




corresponding to those found in the as-cast alloy, indicating that these features are typical for 
fracture of lamellar gamma titanium aluminides. However, the fatigue crack propagation 
threshold obtained with these forged alloys is more stable than that with the as-cast alloys in 
general. This is mainly due to their smaller lamellar colony size, which is about half or one 
third of the as-cast alloys. As the notch induced by EDM is 1mm in length, there are about 10 
lamellar colonies in front of the notch for the specimens made of as-cast alloys, while there 
are about 20-30 lamellar colonies in front of the notch for the specimen made of forged alloy. 
Therefore, the microstructure ahead of notch is more homogenous in the forged alloy and 
gives a more stable property.    
The fatigue crack propagation threshold values of the alloys in the studied range are situated 
in a rather narrow range, from 5.6 MPa√m to 6.3 MPa√m, differing by 0.7 MPa√m, which is 
more concentrated than the as-cast alloys. This may result from their smaller colony size, thus 
having more colonies at the notch, providing a more random orientation. The relatively close 
threshold of these forged alloys may be due to their similar microstructure, fully lamellar 
microstructure, and similar microstructural parameters, such as lamellar colony size and 
lamellar spacing, as shown in Table 5.1 and 5.2. Effects of lamellar spacing and colony size 
on threshold have been studied in Chapter 4, although distinct lamellar colony sizes were not 
obtained as intended. Further attention will be concentrated on the lamellar orientation effects 
on fatigue crack propagation threshold.  
5.6 Conclusion 
Alloying elements, Nb and Ta, have little influence on the fatigue crack propagation 




fully lamellar microstructure, and similar microstructural parameters, such as colony size, 




                                  
(a)                                                                                   (b) 
                                 
(c)                                                                                        (d) 
 
                             (e) 
Fig.5.1 SEM BSE image showing the microstructures of five forged alloys: (a) 2Mn2Nb 




   
   





























 2Mn2Nb (a)            2Mn2Nb (b) 
 2Mn2Ta(a)              2Mn2Ta(b) 
 2Nb2Ta (a)              2Nb2Ta (b) 
 2Mn4Nb (a)             2Mn4Nb (b) 
 2Mn4Ta (b)             2Mn4Ta (b) 
Fig.5.3  SEM BSE images showing microstructures of 2Mn2Nb, 2Mn2Ta, 2Nb2Ta, 2Mn4Nb, 
2Mn4Ta samples cutting from tensile specimen (a) perpendicular to loading axis and (b) 




 2Mn2Nb (a)                2Mn2Nb (b) 
 2Mn2Ta (a)                 2Mn2Ta (b) 
 2Nb2Ta (a)                  2Nb2Ta (b) 
2Mn4Nb (a)                  2Mn4Nb (b) 
2Mn4Ta (a)                  2Mn4Ta (b) 
Fig.5.4 EBSD (0001)α2 pole figure showing the random lamellar orientation distribution of 
2Mn2Nb, 2Mn2Ta, 2Nb2Ta, 2Mn4Nb, 2Mn4Ta of tensile specimen (a) perpendicular to 




    
     
     
Fig.5.5 SE SEM images of fracture surfaces of the failed tensile test pieces, showing (a) and 
(b) from alloy 2Mn2Nb, (c) and (d) from alloy 2Mn2Ta and (e) and (f) from alloy 2Nb2Ta 
test pieces. (a), (c) and (e) are the overall surface morphologies, and (b), (d) and (f) are the 











Fig.5.6 SE SEM image of fracture surface of failed tensile test pieces of alloy 2Mn2Ta, 
indicating the main crack propagation behaviour during tests: translamellar cracking, 
interlamellar cracking and lamellar colony boundary cracking.  
 
    
Fig.5.7 SE SEM image of fracture surfaces of alloy 2Mn4Nb (a) intergranular fracture of 
equiaxed gamma grains and (b) debonding between borides and matrix of alloy. 
a b 





     
 
Fig.5.8 SE SEM images of fracture surfaces of the failed tensile test pieces tested at (a) room 










   
 
Fig.5.9 SE SEM images of fracture surfaces of the failed tensile test pieces tested at (a) room 

















































































































































Fig.5.15 SEM montage showing the fracture surface of alloy 2Mn2Nb, 2Nb2Ta and 2Mn2Ta. 











Fig.5.16 SEM montage showing the fracture surface of alloy 2Mn4Ta and 2Mn4Nb. The 










    
 
Fig.5.17 SEM SE images showing translamellar fracture surfaces of alloy 2Mn2Nb at low 















Fig.5.18 SEM SE images showing interlamellar fracture surfaces of alloy 2Mn2Nb at low ∆K 















Fig.5.20 SEM SE images show intergranular fracture of equiaxed gamma grians of alloy 







Table 5.1 Average colony size of forged 2Mn2Nb, 2Nb2Ta, 2Mn2Ta, 2Mn4Ta and 2Mn4Nb 
 
 
Table 5.2 Average α2 lamellar spacing, γ lamellae thickness and lamellar spacing of forged 
2Mn2Nb, 2Nb2Ta, 2Mn2Ta 
 
  
Materials Average colony size (µm) 
Forged 2Mn2Nb 41 ± 24 
Forged 2Nb2Ta 25 ± 12 
Forged 2Mn2Ta 26 ± 14 
Forged 2Mn4Ta 34 ± 21 
Forged 2Mn4Nb 39 ± 21 
Materials α2 lamellar spacing 
(µm) 




Forged 2Mn2Nb 1.51 0.76 0.55 
Forged 2Nb2Ta 1.25 0.57 0.35 




Table 5.3 Phase ratio of α2 and γ phases of forged 2Mn2Nb, 2Nb2Ta, 2Mn2Ta, 2Mn4Ta and 
2Mn4Nb 
 
Table 5.4 Hardness of forged 2Mn2Nb, 2Nb2Ta, 2Mn2Ta, 2Mn4Ta and 2Mn4Nb 
 
  
Materials α2 (%) γ (%) 
Forged 2Mn2Nb 24±3 76±3 
Forged 2Nb2Ta 23±2 77±2 
Forged 2Mn2Ta 26±3 74±3 
Forged 2Mn4Ta 28±2 72±2 
Forged 2Mn4Nb 19±2 81±2 
Materials Hardness(kgf/mm2) 
Forged 2Mn2Nb 286 ± 4 
Forged 2Nb2Ta 301 ± 4 
Forged 2Mn2Ta 280 ± 3 
Forged 2Mn4Ta 273 ± 2 




Table 5.5 Yield strength, UTS and elongation results of forged 2Mn2Nb, 2Nb2Ta, 2Mn2Ta, 












Forged 2Mn2Nb 400 551 1.5 650 
Forged 2Mn2Nb 405 565 1.4 650 
Forged 2Nb2Ta 455 628 1.7 650 
Forged 2Nb2Ta 452 637 1.9 650 
Forged 2Mn2Ta 400 550 1.6 650 
Forged 2Mn2Ta 384 552 1.9 650 
Forged 2Mn4Ta 400 567 1.9 650 
Forged 2Mn4Ta 395 544 1.6 650 
Forged 2Mn4Nb 420 540 1.1 650 




Table 5.6 Yield strength, UTS and elongation results of forged 2Mn2Nb at room temperature, 












Forged 2Mn2Nb 450 668 1.3 RT 
Forged 2Mn2Nb 425 599 0.9 RT 
Forged 2Mn2Nb 425 622 1 450 
Forged 2Mn2Nb 420 611 1 450 
Forged 2Mn2Nb 400 551 1.5 650 




Table 5.7 Fatigue crack propagation threshold of different alloys. 
  
Materials 





Forged 2Mn2Nb 6.2 0.1 650 
Forged 2Nb2Ta 6.3 0.1 650 
Forged 2Mn2Ta 5.7 0.1 650 
Forged 2Mn2Ta 5.8 0.1 650 
Forged 2Mn4Ta 6.2 0.1 650 
Forged 2Mn4Ta 6.0 0.1 650 
Forged 2Mn4Nb 5.7 0.1 650 




Chapter 6.  Effects of lamellar orientation on 
Fatigue crack propagation threshold2 
The microstructures and properties of lamellar γ-TiAl alloys are strongly anisotropic, and the 
properties of polycrystalline lamellar γ-TiAl alloys are the average of individual lamellar 
colonies. Therefore, the study on lamellar γ-TiAl alloys is based on the study of individual 
lamellar colonies. The behaviour and properties of lamellar γ-TiAl alloys have been 
investigated with Polysynthetically twinned (PST) TiAl crystals. It has been found that many 
properties are influenced by lamellar orientation, such as tensile strength, compression 
strength, fatigue strength, fracture toughness. In this chapter, the lamellar orientation effect 
on fatigue crack propagation threshold is studied by using very coarse grained Ti46Al8Nb 
and Ti4522 alloy. It is possible to keep the entire notch within one single lamellar colony, 
therefore to investigate the influence of lamellar orientation on threshold intensity range. 
                                                 
2  The contents of this chapter are based on the paper by Yang J., Li H., Hu D., Martin N., and Dixon M., 
Lamellar orientation effect on fatigue crack propagation threshold in coarse-grained Ti46Al8Nb. Materials 
Science and Technology, 2014. 30(15): pp. 1905-1910.According to Elsevier's policy, the contents of published 




6.1 Effects of lamellar orientation on Fatigue crack propagation 
threshold with alloy Ti46Al8Nb 
6.1.1 Starting microstructure and lamellar orientation determination 
The ingot of Ti46Al8Nb was HIPped at 1280°C/150MPa for 4h to offer a coarse lamellar 
microstructure, which could allow the notch to be made within one lamellar colony. The alloy 
was etched and observed using optical microscopy, and the microstructure is shown in 
Fig.6.1. As can be seen from the image, the lamellar colonies are very coarse and the sizes of 
some colonies are over 1mm. The α2 lamellar spacing, γ lamellae thickness and lamellar 
spacing were measured and they are 2.35µm, 1.73µm and 1.11µm. As the notch is 1mm in 
length and 0.5mm in depth, it is possible to make the notch within one lamellar colony. 
However, some small colonies are still formed during solidification and some equiaxed 
gamma grains are also formed during HIPping. Therefore, careful observation on the surface 
of each face of the test pieces was carried out with an optical microscope and the position of 
the notch was accurately selected and induced by an EDM which can be accurate to 1µm.   
Although the test pieces were carefully prepared, there are still some specimens where the 
notch was not made in one lamellar colony. Only the specimens where the notch was in one 
colony or most of the notch (70% or greater) within one colony were chosen for further study. 
After fatigue testing, the samples were broken by monotonic tensile load. To determine the 
lamellar orientation, one half of each sample was ground and polished to the EDM notch trail 
to provide a flat and longitudinal surface for SEM examination, shown as the shaded plane L 
in Fig.6.2(a). The orientation of the lamellar colony in front of the notch is determined by two 




is on the fracture plane while β is on plane L, as shown in Fig.6.2 (b). For the specimen 
where the orientation cannot be analysed by SEM imaging, the orientation measurement was 
done by EBSD on plane L.   
The lamellar orientation can be expressed in a pole figure as Fig.6.3 (a). The three axes of the 
pole figure are defined as follows: the direction of the applied stress, N, is in the centre; the A 
axis which is at the top of the pole figure is parallel to the overall crack propagation direction 
on the fracture plane and the B axis to the right of the pole figure is perpendicular to the 
overall crack propagation direction. Obviously, in the centre of the pole figure, N, the 
lamellar interface is perpendicular to the loading axis and in the 90º orientation; and at the 
circumference the lamellar interface is parallel to the loading axis and in the 0º orientation. 
Accordingly, the three different orientations of lamellar colony, A notch, B notch and C 
notch, are also shown in Fig.6.3 (b). The orientation of A notch is perpendicular to the 
loading axis and parallel to the overall crack growth direction, therefore, it is the intersection 
of A axis and circumference in the pole figure.  Similarly, the orientation of B notch is also 
perpendicular to the loading axis but perpendicular to the overall crack growth direction, thus 
it is the intersection of B axis and circumference in the pole figure.  The orientation of Notch 
C is parallel to the loading axis and it is in the centre of the pole figure [82, 84, 111]. 
The SEM images and EBSD results of 11 tested samples are shown in Fig.6.4-6.14. The 
definition of axes in the EBSD pole figure is different from that in the lamellar orientation 
pole figure. The loading axis is in the centre in the lamellar orientation pole figure while it is 
at the circumference in the EBSD pole figure. The overall crack growth direction is at the top 
or bottom of the circumference in the lamellar orientation pole figure while it is in the centre 




pole figure in Fig.6.15. From the pole figure shown in Fig.6.15, it can be seen that 11 test 
pieces were selected for further analysis, and they are with different orientation to the loading 
axis, from 0º to 90º. Among these test pieces, not every notch is made within one lamellar 
colony. The close dots in the pole figure indicate where a single lamellar colony is in front of 
the notch and the open dots indicate where more than one lamellar colony is in front of the 
notch. 
6.1.2 Fatigue crack propagation 
The fatigue crack growth resistance curves, fatigue crack growth rate (da/dN) versus stress 
intensity factor range (∆K) are shown in Fig.6.16. The threshold stress intensity factor range 
(∆Kth) tested at 650ºC in air with stress ratio of 0.1 is measured to be between 4.3 to 
7.2MPa√m as summarised in Table.6.1. There is a significant difference of almost 3MPa√m 
between samples with near 0º orientation to near 90º orientation. From the results shown in 
Table 6.1, it can be seen that specimens 1, 4, 8 and 9 shows the highest level of threshold, 
from 6.5 to 7.2 MPa√m, and the lamellar colonies in front of the notch of these specimens are 
all with low angle orientation, which is near 0º as shown in the pole figure in Fig.6.15. 
Furthermore, it seems that the threshold is not affected by the notch orientation, as the notch 
orientation of these four specimens is A-notch, B-notch and A-B notch. The intermediate 
threshold values are obtained with specimens with near 90º orientation (specimen 468-7 and 
468-12), and the lowest level of threshold is obtained with the specimens with intermediate 
orientation. Clearly, the dominant factor affecting the threshold value is the angle between 
the lamellar interface normal and loading axis, which is named lamellar orientation in this 
thesis for short. The sub-orientation, which is the angle between lamellar interface and the 




matter whether the lamellar orientation is near 0º or intermediate. The relationship between 
threshold and lamellar orientation is shown in Fig.6.17. It can be seen that the threshold value 
drops from the highest value to the lowest value at about 30-50º with increase of lamellar 
orientation and increases again after that.  
Fig.6.18 shows the fatigue crack growth resistance curve of specimen 468-12 and its fracture 
surface. It can be seen that the fatigue crack curve shown here is different from others. The 
crack growth rate increases at the beginning, but decreases gradually after the ∆K of about 
6.2MPa.m1/2 and reaches the slowest growth rate at a ∆K level of 7.2 MPa.m1/2. This is 
because it is the boundary between the first and second lamellar colony in this range, as 
shown in Fig.6.18 (b). Therefore, the fatigue crack growth rate is also dependent on the 
lamellar orientation.  
6.1.3Fracture surface analysis 
The fracture surface analysis of the selected specimens, with various lamellar orientations, 
was carried out by SEM. As the study is focused on the effects of lamellar orientation on 
fatigue crack propagation threshold, the analysis of fracture surface concentrated on the area 
which is related to the threshold. Only the microstructure in a very limited region in front of 
the notch is related to the fatigue crack propagation threshold and the rest is concerned with 
the fatigue crack propagation. There is no definition of the size of fracture surface which is 
related to the threshold. However, by the analysis of a certain amount (more than 30) of 
experimental data, it is noted that the steady crack propagation is found to be detected from 
the distance about 10-70µm from the notch owing to the resolution of the D.C.P.D. method, 




study of the relationship between microstructure and threshold, and the rest in the fatigue area 
is in the fatigue crack propagation regime. 
The fracture surfaces of two near 0° orientation, A- notch sub-orientation specimens (468-1 
and 468-4) are shown in Fig.6.19. As can be seen from Fig.6.4 and Fig.6.5, the notch of the 
specimen 468-1 is within one lamellar colony, while that of specimen 468-4 is in two 
colonies, of which nearly 70% is with the similar orientation with 468-1. The crack grows 
from bottom to top which is the same as in the previous fracture surface images (Fig.6.4-6.14) 
and following ones. The fracture surface of specimen 1 (with A-notch) in front of the notch in 
Fig.6.19 (a) is very smooth, and this can be attributed to the nearly entire translamellar 
fracture throughout the fracture surface. The details of the fracture surface are shown in 
Fig.6.19 (b) by the high magnification image of an area which is approximately 80µm from 
the notch in Fig.6.19 (a).  The whole fracture surface of specimen 468-4 is given in Fig.6.19 
(c), and it can be seen that the dominant colony on the left is with a sub-orientation of A-
notch and the right colony is with a sub-orientation of A-B notch. The details of the main 
colony are shown in Fig.6.19 (d), and the fracture surface at this area is also very smooth. 
The fracture surface of specimen 468-8 (with B-notch) ahead of the notch is shown is 
Fig.6.20 (a). It is noted that the roughness of the fracture surface of specimen 468-8 differs 
with the distance from the notch, i.e. ΔK. A high magnification image of the middle of 
Fig.6.20 (a) is given in Fig.6.20 (b). It can be seen that apart from translamellar cracking, 
interlamellar cracking is also observed on the fracture surface. Both the rougher fracture 
surface and the occurrence of interlamellar fracture are due to the increase of the stress 
intensity factor range ΔK with the increasing distance from the notch, which has been 




Fig.6.21 (a) shows the fracture surface of specimen 468-9 from the notch, of which the 
dominant lamellar colony is near 0º orientation. The area on the left of the red line in is the 
dominant colony, and it has a sub-orientation of A-B notch. Fig.6.21 (b) shows the details of 
the fracture surface about 80µm from the notch by a high magnification image. The facture 
surface is rather flat, and only translamellar fracture was observed on the fracture surface. 
This is similar to that observed in the specimens with A-notch.  
The fracture surfaces of the whole notch area of specimen 7 and 12 are shown in Fig.6.22 (a) 
and (c). The notch of both specimens are not within only one lamellar colony, but most of the 
notch (more than 70%) is within a lamellar colony which is close to 90º orientation named C 
notch, and the lamellar interface is parallel to the fracture plane. Therefore, the interlamellar 
fracture is the dominant fracture mode in front of the notch. Fig.6.22 (b) and (d) shows the 
details of the interlamellar fracture ahead of the notch and it can be seen that the crack 
propagates through cleavage on the lamellar interface. 
As shown on the whole fracture surface of each specimen shown in Fig.6.4 (a)-Fig.6.14 (a), 
the fracture surface of the specimens with low fatigue crack propagation threshold are 
different from those with high threshold values. The lamellar orientation of the specimens 
with low threshold values is between 20º and 70º, which is the soft orientation in PST crystals. 
The fracture surface of specimen 468-5 in front of the notch is shown in Fig.6.23 (a) and the 
fracture surface in very rough. The orientation of the lamellar colony at the notch is about 30º.  
It can be seen that there are two bright areas, which are marked by the black arrows, just 
ahead of the notch. In these areas, the first cracks formed under a load which is lower than 
that threshold. The growth of early cracks can be detected by the chart recorder, but it stops 




continuous crack growth, higher load was applied if no crack growth is detected for another 2 
hours after the early cracks. The detail of the early crack is shown in Fig.6.23 (b) with a depth 
about 10µm from the notch. There is lots of oxidation on the fracture surface, revealing that 
the crack propagation stops for a long time at the testing temperature. The fracture of these 
cracks is combined with interlamellar cracking and translamellar cracking, and there are 
some reefs on the fracture surface. These reefs are in the direction parallel to the overall crack 
growth direction. The formation of these reefs is due to the intersection between two adjacent 
fracture planes across the lamellae. The cracks start to propagate by translamellar fracture and 
along the lamellar interface with some small steps. Some early cracks stopped at the top of 
this area and others continued.  
Early cracks are also observed on the fracture surface of other samples with soft orientation. 
The behaviour of early cracks is different. Fig.6.24 shows two early crack areas with different 
size observed on the fracture surface of specimen 468-6. The semi-elliptical area in Fig.6.24 
(a) is about 150µm in width and 70µm in depth from the notch, while that in Fig.6.24 (b) is 
only about 50µm in width and 10µm in depth from the notch. A large area of regularly 
spaced early cracks of specimen 468-15 is shown in Fig.6.25. It can be seen that the crack 
propagated before the final continuous propagation. The cracks were arrested for the first 
time at a depth of about 20µm from the notch and then arrested at a depth of nearly 50µm 
from the notch for the second time. Two early cracks of specimen 468-16 are shown in 
Fig.6.26 (a) and (b). The cracks in Fig.6.25 (a) propagated twice before continuous growth 
while that in Fig.6.26 (b) propagated only once. The cracks in Fig.6.26 (a) were first arrested 
at a depth of about 30µm and then propagated about another 10µm before the second arrest.  




propagate more than once before continuous growth. The size of the area of the early cracks 
is also different, even in the same sample. 
From the results of fatigue threshold of the five specimens with soft lamellar orientation, it 
can be seen that the threshold of specimen 468-10 is higher than that of the other four 
specimens. No early cracks were observed ahead of the notch in specimen 468-10, while they 
were found in the other four specimens. Thus, early cracks might be one factor which reduces 
the fatigue threshold. 
6.2 Effects of lamellar orientation on Fatigue crack propagation 
threshold of alloy Ti4522 
6.2.1 Starting microstructure and lamellar orientation determination 
The ingot of alloy Ti4522 was also HIPped to provide a coarse lamellar microstructure to 
induce the notch within one lamellar colony. Optical microscopy was applied on the etched 
samples for the starting microstructure observation, and an optical micrograph is shown in 
Fig.6.27.  The α2 lamellar spacing, γ lamellae thickness and lamellar spacing were measured 
and they are 1.29µm, 0.97µm and 0.58µm, respectively. The lamellar colonies in this alloy 
are relatively coarse and some of the colonies are over 1mm. However, as with the coarse 
Ti46Al8Nb alloy, a certain amount of small lamellar colonies and equiaxed gamma grains are 
formed during solidification and HIPping, respectively. Therefore, the machining of the notch 
requires careful design, and the notch was induced using the same procedure as for alloy 




observation on the four surfaces of each sample, it was found that only eight samples were 
able to provide a large lamellar colony to form the notch within one colony.  
The orientation of the lamellar colony/colonies at the notch were finally determined by the 
angle between the lamellar interface trace and notch on the fracture plane and that angle on 
plane L in Fig.6.2, termed angle α and β, respectively. According to the fracture surface 
analysis of the tested samples, it can be seen that among these samples, four samples were 
found with the notch in one lamellar colony, and their fracture surfaces are shown in Fig.6.28 
(a) – Fig.6.31 (a). The BSE SEM images of plane L are shown in Fig.28 (b) – Fig.6.31 (b). 
Thus, a pole figure can be used to represent the lamellar orientation of these samples, as 
shown in Fig.6.32. The dots denote the lamellar orientation of each sample at the notch. For 
the other four samples, 4522-8, 4522-13, 4522-14 and 4522-15, two lamellar colonies were 
observed ahead of the notch, and they occupied comparable length at the notch, as shown in 
Fig.6.33. 
6.2.2 Fatigue crack propagation 
The fatigue crack propagation data was processed and the results are summarised in the 
fatigue crack growth resistance curves in Fig.6.34, expressed as fatigue crack growth rate 
(da/dN) versus stress intensity factor range (∆K). The threshold stress intensity factor range 
(∆Kth) tested at 650ºC in air with stress ratio of 0.1 is measured to be between 4.8 to 7MPa√m 
and summarised in Table.6.2, with a significant difference of 2.2MPa√m. 
From the pole figure shown in Fig.6.32, it can be seen that there are two samples 4522-3 and 




3 is typical A-notch sub-orientation, and sample 4522-12 is with A-B notch sub-orientation. 
They present the highest fatigue crack propagation threshold values, 7MPa√m and 6MPa√m. 
Sample 4522-7 is within about 10º orientation, and the threshold value is 5.7 MPa√m. Sample 
4522-5 is in the soft orientation, about 60º, and it shows the lowest threshold value among 
these four samples. This trend is the same as that observed with alloy Ti46Al8Nb, high 
threshold at hard orientation and low threshold at soft orientation.  
6.2.3Fracture surface analysis 
The fracture surfaces of sample 4522-5, 4522-7, 4522-12 and 4522-14 were observed by 
SEM with the aim of defining the effect of lamellar orientation on fatigue crack propagation 
threshold. Therefore, the fractography was concentrated in the near threshold area. As 
mentioned in paragraph 6.1.3, based on experience, the area of 50µm from the notch is 
treated as the near threshold area for the study of the relationship between lamellar 
orientation and threshold, and the rest in the fatigue area is in the fatigue crack propagation 
regime. 
The fracture surfaces of one 0º orientation, A-notch sub-orientation sample, sample 4522-3, 
are shown in Fig.6.35. It can be seen from Fig.6.35 (a) that the overall fracture surface of 
sample 4522-3 is very flat, as the cracks propagates by translamellar fracture throughout this 
area. Fig.6.35 (b) shows the details of the fracture surface at about 50µm from the notch, and 
only translamellar fracture is observed. This is analogous to that found with alloy 46Al8Nb at 




Fig.6.36 shows the fracture surfaces of sample 4522-12, which is at 0º orientation and A-B 
notch sub-orientation. As can be seen from Fig.6.36 (a), the cracks in front of the notch all 
grow by translamellar cracking. Again, the high magnification image in Fig.6.36 (b) shows 
the fracture surface of the area at about 50µm from the notch.  The fracture surface is very 
smooth, and translamellar cracking is the exclusive fracture mode observed here. The 
lamellar colony in front of the notch of sample 4522-7 is at about 10º orientation and A-B 
notch sub-orientation. The fracture surface of the near notch area shown Fig.6.37 (a) is rather 
flat, and it is composed of entirely translamellar fracture. Fig.6.37 (b) shows a high 
magnification image of the smooth translamellar fracture surface, which is about 50µm from 
the notch. 
Sample 4522-5 is the only sample with soft orientation among the 4522 samples, and it shows 
the lowest threshold value. Fig.6.38 (a) shows the fracture surface of the full notch area of 
sample 4522-5. A large semi-elliptical area almost covering the whole notch length is 
observed on the fracture surface with a depth up to 200µm. The cracks propagated at a lower 
stress intensity factor range than the threshold and stopped at the edge of this area, and they 
are regarded as early cracks. Some early cracks stopped at the top edge of this area and others 
continued. Fig.6.38 (b) and (c) shows the details of the early cracks, and it can be seen that 
the cracks in this site propagate by dominant translamellar cracking and minor interlamellar 
cracking. 
In summary, with alloy Ti45Al2Mn2Nb, samples with hard orientation, near 0º orientation, 
shows higher fatigue crack propagation threshold than that with soft orientation, although 
only four samples could be selected for further analysis. The fracture surfaces of three hard 




of the soft orientated sample is composed of both translamellar fracture and interlamellar 
fracture, thus presents a rougher morphology. These features are similar to those for alloy 
Ti46Al8Nb. 
6.3 Discussion 
6.3.1 Lamellar orientation effect on fatigue crack propagation threshold 
with alloy Ti46Al8Nb 
As can be seen from Fig.6.17, the fatigue crack propagation threshold of alloy Ti46Al8Nb 
with lamellar microstructure is strongly dependent on its lamellar orientation as a saddle 
shape and also the fatigue crack growth rate is influenced by the lamellar orientation. This 
agrees with the early work by Bowen [82]. Inui studied the lamellar orientation effect on 
tensile/compression yield stress at room temperature with PST TiAl intermetallic, and a 
similar saddle-shaped relationship was found between the yield stress and lamellar 
orientation [109]. In consequence, similar features of deformation behaviour must exist 
between monotonic deformation and cyclic deformation in TiAl lamellar crystals. The 
deformation behaviour in PST TiAl alloys under monotonic loading has been completely 
investigated, and it was shown that the deformation is dictated by the critical resolved shear 
stress (CRSS) and the Schmid factor of the slip/twinning systems [109, 110]. In general, the 
applied stress level under monotonic loading is much higher than that under cyclic loading, 
normally 2-4 times higher than the latter. For the forged and as-cast alloys with fine lamellar 
microstructure studied in this thesis, the applied stress in tensile testing is about 3 times of 
that in fatigue crack propagation testing. However, the deficiency in the overall stress level 




Thus, the deformation behaviour of lamellar colonies could be the same during both 
monotonic and fatigue crack growth testing. 
As can be seen from the fracture surfaces, the cracks propagate by translamellar fracture 
mode in most lamellar orientations, except for those close to 90º, which is a hard orientation 
with N-notch. For the N-notch orientation, the lamellae were detached by the forward crack 
tip. It was found that the cracks detached the lamellae on the cross-lamella {111} planes by 
twinning and banding of ordinary and superdislocation slip in an earlier post mortem TEM 
study [113]. Similar results were also obtained by the in-situ TEM examination of the tensile 
deformed PST TiAl crystals [114, 115]. For the lamellar colonies with 0º orientation, 
deformation can only take place on the cross-lamella {111} planes as the Schmid factor for 
the deformation on the interfacial (111) plane is zero. The highest fatigue crack propagation 
threshold and high tensile/compression yield stress is obtained at this orientation. 
The short dislocation gliding distance at 0º hard orientation gives rise to a high tensile and 
compression yield stress. When the lamellar orientation diverges from 0º orientation, the 
deformation on the interfacial (111) plane can be activated, and the dislocation gliding 
distance increases. The increasing gliding distance of dislocations on the interfacial (111) 
plane leads to a decrease of the yield stress according to the Hall-Petch relationship. 
Therefore, lamellar orientation affects the yield stress through its influence on dislocation 
gliding distance. The dislocation gliding distance is also limited by the lamellae thickness. 
However, the influence of lamellar orientation on fatigue crack propagation threshold cannot 
be explained by this mechanism. This is because yielding is only a prerequisite for fatigue 
crack propagation, the formation and opening up of new micro cracks in front of the main 




To form and open up the new micro cracks, slip/twinning on the interfacial (111) planes may 
need to be included. The Schmid factor calculation for slip/twinning on the cross-lamella 
{111} planes was made for lamellar orientation in a 120° sector of [101 ]-[011 ]-[111], 
covering lamellar orientation from 0-90° and a 120° rotation about interface normal. The 
results indicated that there was no significant effect of lamellar orientation on the Schmid 
factor. This is because no matter what the lamellar orientation is, at least one slip or twinning 
system on the cross-lamella {111} planes is found to have a very high Schmid factor. There 
are 6 γ variants and each variant has 3 cross-lamella {111} planes. On each plane there is one 
twinning system, one ordinary dislocation slip system and two superdislocation slip systems 
[101] and [011]. In consequence, there are at least 72 deformation systems for each 
orientation and it is very likely to find a high Schmid factor. Therefore, the cross-lamella 
deformation cannot fully explain the lamellar orientation effect on fatigue crack propagation 
threshold.  
The twin boundaries and slip bands can be formed by cross-lamellar deformation, and they 
are potential paths for the propagation of the main crack. However, the main crack can 
advance only when it is opened up. Deformation on the interfacial (111) plane could help to 
open up the new cracks at the twin boundaries and slip bands on the cross-lamellar {111} 
planes by intersection with them. At the intersection out-of-plane dislocation debris can be 
left and cracks can be formed by the dislocation debris when they are sufficiently 
accumulated. Such an effect on opening up cracks on grain boundaries has been documented 
[130]. The intensity of deformation activity on the interfacial (111) planes should be related 




Therefore, the effects of lamellar orientation on fatigue crack propagation threshold could be 
explained by this way. Further study is required. 
Unlike the relationship between lamellar orientation and yield stress in PST TiAl alloys, the 
fatigue crack propagation threshold of samples with near 90º orientation only show an 
intermediate value. At this orientation, deformation should only exist on the cross-lamella 
{111} planes. Moreover, it could be the inter-reaction between deformation systems in the 
contiguous lamellae which help to open the new crack on the interfaces. Therefore, there 
should be difficulty in the deformation in both lamellae because of the limited gliding 
distance, and fast crack propagation can counteract this difficulty. Thus, an intermediate 
threshold value is obtained at this orientation. 
6.3.2 Lamellar orientation effect on fatigue crack propagation threshold 
with alloy Ti4522 
Although only 4 useful data were obtained with alloy Ti4522, the lamellar orientation effect 
on fatigue crack propagation threshold is still noticeable. The high threshold value was 
obtained with samples near 0º orientation, and lower threshold value was obtained with the 
sample with soft orientation. 
For samples with near 0º hard orientation, the obtained fatigue crack propagation threshold 
values were within the range of 5.7 MPa√m – 7 MPa√m. At similar orientation, Ti46Al8Nb 
alloy shows a threshold range from 6.5 MPa√m to 7.3 MPa√m. There is only one Ti4522 
sample with soft orientation about 50º, and the threshold value is 5.2 MPa√m. The threshold 




Therefore, the fatigue crack propagation threshold of alloy Ti4522 is also affected by lamellar 
orientation and the possible mechanism has been discussed in the previous paragraph, and 
also, the threshold value seems not affected by the different alloy composition.  
As can be seen from the fracture surfaces, translamellar cracking is the dominant fracture 
mode when the samples are near 0º hard orientation and soft orientation. Fairly smooth 
fracture surfaces were observed with hard orientation samples and rougher fracture surfaces 
were observed with the soft orientation sample, accompanied with early cracks. These 
features are in accordance with those found with Ti46Al8Nb alloy, indicating that the crack 
growth behaviour is also not influenced by the different alloy composition. However, further 
study is still needed.   
6.4 Conclusion 
Fatigue crack propagation threshold shows strong dependence on lamellar orientation, based 
on the work on coarse grained Ti46Al8Nb and Ti4522 alloy with lamellar microstructure. 
The relationship between fatigue crack propagation threshold and lamellar orientation is 
similar to that between yield stress and lamellar orientation. The highest threshold was 
obtained in the lamellar colonies with lamellar interface parallel to the loading axis while the 
low threshold was obtained in the colonies with an orientation in a range of 30º to 50º. 
Within the investigated range, the refractory element, Nb, shows no improvement to the 











Fig.6.2 (a) Configuration of the surface planes in the testpieces for lamellar orientation 
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 (b) (c) 
Fig.6.4 SEM SE image (a) showing the fracture surface of Specimen 468-1; EBSD mapping 









Fig.6.5 SEM SE image showing the lamellar interface trail on the fracture plane (a) and SEM 
BSE image showing the lamellar interface trail on the plane L (b) of Specimen 468-4. 
 (a) 
 (b) 
Fig.6.6 SEM SE image showing the lamellar interface trail on the fracture plane (a) and SEM 







Fig.6.7 SEM SE image showing the lamellar interface trail on the fracture plane (a) and SEM 




Fig.6.8 SEM SE image showing the lamellar interface trail on the fracture plane (a) and SEM 







Fig.6.9 SEM SE image showing the lamellar interface trail on the fracture plane (a) and SEM 
BSE image showing the lamellar interface trail on the plane L (b) of Specimen 468-8. 
 (a) 
 (b) 
Fig.6.10 SEM SE image showing the lamellar interface trail on the fracture plane (a) and 







Fig.6.11 SEM SE image showing the lamellar interface trail on the fracture plane (a) and 
SEM BSE image showing the lamellar interface trail on the plane L (b) of Specimen 468-10. 
(a) 
 (b) 
Fig.6.12 SEM SE image showing the lamellar interface trail on the fracture plane (a) and 







Fig.6.13 SEM SE image showing the lamellar interface trail on the fracture plane (a) and 
SEM BSE image showing the lamellar interface trail on the plane L (b) of Specimen 468-15. 
 (a) 
 (b) 
Fig.6.14 SEM SE image showing the lamellar interface trail on the fracture plane (a) and 








Fig.6.15 Pole figure showing the orientation of the lamellar colony at the notch. The open 
dots denote that more than one lamellar colony is at the notch and the close dots denote a 















































Fig.6.17 Variation of fatigue crack propagation threshold with lamellar orientation (defined 





   
(a) (b) 
Fig.6.18 (a) fatigue crack growth curve of sample 468-12; (b) SEM SE image shows the 












(a)       (b) 
 
(c)       (d)                            
Fig.6.19 SEM SE images showing the facture surfaces of samples with near 0º orientation 
and near A-notch sub-orientation: (a) the near threshold area of sample 468-1; (b) the high 
magnification image of translamellar cracking in sample 468-1 about 80µm from the notch; 
(c) the full notch area of sample 468-4; (d) the high magnification image of translamellar 
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(a)                                                                      (b) 
Fig.6.21 SEM SE images showing (a) the fracture surface of sample 468-9, and (b) the details 







(a)            (b) 
  
(c)                                                                        (d) 
Fig.6.22 SEM SE images showing the fracture surfaces of samples with near 90º orientation: 
(a) the full notch area of sample 468-7; (b) the interlamellar cracking facet of sample 468-7: 
(c) the full notch area of sample 468-12: (d) the interlamellar cracking facet of sample 468-12.  
 
 




(a)       (b) 
Fig.6.23 SEM SE images showing the fracture surface of sample 468-5: (a) the near notch 




Fig.6.24 SEM SE images showing (a) and (b) the early cracks observed on the fracture 







Fig.6.25 SEM SE image showing the fracture surface of sample 468-15 with a soft 
orientation. Regularly spaced early cracks are shown at the notch. 
   
(a) (b) 
Fig.6.26 468-16 SEM SE images showing (a) and (b) the early cracks observed on the 













(b)  (c) 
Fig.6.28 SEM SE image showing (a) the lamellar interface trail on the fracture plane, SEM 








Fig.6.29 SEM SE image showing the lamellar interface trail on the fracture plane (a) and 




Fig.6.30 SEM SE image showing the lamellar interface trail on the fracture plane (a) and 






Fig.6.31 SEM SE image showing the lamellar interface trail on the fracture plane (a) and 









Fig.6.32 Pole figure showing the orientation of the lamellar colony at the notch. The open 
dots denote that more than one lamellar colony is at the notch and the close dots denote a 










Fig.6.33 SEM SE image showing the fracture surface at the notch of (a) sample 4522-8, (b) 

































(a)                                                                        (b) 
Fig.6.35 SEM SE images showing the fracture surface of sample 4522-3 with 0º orientation, 





(a)                                                                        (b) 
Fig.6.36 SEM SE images showing the facture surfaces of samples 4522-12 with 0º orientation, 






(a)                                                                        (b) 
Fig.6.37 SEM SE images showing the facture surfaces of samples 4522-7 with near 0º 
orientation, A-B notch sub-orientation: (a) near threshold site; (b) the details of the facture 
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(b) (c) 
Fig.6.38 SEM SE images showing the fracture surfaces of sample 4522-5 with soft 






Table.6.1 Fatigue crack propagation threshold value and orientation of alloy Ti46Al8Nb 
Sample No. ΔKth (MPa√m) Orientation 
468-1 6.7 Hard orientation, A-notch  
468-4 7.0 Hard orientation, A-notch  
468-5 4.7 Soft orientation 
468-6 4.3 Soft orientation 
468-7 5.4 Hard orientation, C-notch 
468-8 6.5 Hard orientation, B-notch 
468-9 7.2 Hard orientation, A-B notch  
468-10 5.4 Soft orientation 
468-12 5.3 Hard orientation, C-notch 
468-15 5.0 Soft orientation 





Table.6.2 Fatigue crack propagation threshold value and orientation of alloy Ti46Al8Nb 
Sample No. ΔKth (MPa√m) Orientation 
4522-3 7 Hard orientation, A-notch  
4522-5 5.2 Soft orientation 
4522-7 5.7 Hard orientation, A-B notch  
4522-8 5.9 Two colonies 
4522-12 6 Hard orientation, A-B notch  
4522-13 5.5 Two colonies 
4522-14 4.8 Two colonies 






Chapter 7.  Conclusions and future work 
This chapter gives the main conclusions of the work reported in this thesis. Several issues 
addressed in this work which needs further investigations and suggestions for further work 
are listed after the main conclusions. 
7.1 Conclusions 
1. The samples subjected to fatigue crack propagation threshold testing fail by interlamellar 
cracking and translamellar cracking at 650ºC, which is similar to failure under monotonic 
tensile load. The fracture behaviour is determined by both lamellar orientation and stress 
intensity factor range ∆K. Interlamellar cracking occurs in lamellar colonies at any lamellar 
orientation at high ∆K level, while that only occurs in lamellar colonies with lamellar 
interface parallel to the fracture plane at low ∆K level. 
2. The fatigue crack propagation threshold of as-cast alloy Ti4522XD shows limited 
sensitivity to microstructure parameters in the studied range, such as lamellar spacing and 
volume faction of equiaxed gamma grains. 
3. Alloying elements, Nb and Ta, have little influence on the fatigue crack propagation 
threshold. This may be because of their similar microstructure, all with fully lamellar 
microstructure, similar colony size, lamellar spacing and phase ratio of gamma phase. 
4. Fatigue crack propagation threshold shows strong dependence on lamellar orientation, with 




between fatigue crack propagation threshold and lamellar orientation is similar to that 
between yield stress and lamellar orientation. The highest threshold was obtained in the 
lamellar colonies with lamellar interface parallel to the loading axis while the low threshold 
was obtained in the colonies with an orientation about 30º-50º. 
5. High Nb content, 8Nb, shows no improvement to the fatigue crack propagation threshold, 
compared with the alloy with 2Nb. 
7.2 Future work 
1. The Ti4522XD alloys with different microstructural parameters exhibited similar 
properties which may be due to the small difference in the microstructure. Therefore, it would 
be of interest to investigate the influence of microstructure at different levels. 
2. The fatigue crack propagation threshold showed a strong dependence on lamellar 
orientation. It was considered that the threshold could be affected by the lamellar orientation 
through its influence on the intensity of deformation activity on the interfacial (111) plane, 
which needs further investigation. 
3. The alloy elements, Nb and Ta, had no influence on fatigue crack propagation threshold, 
no matter whether the alloy was of 2Nb, 4Nb or 8Nb. Therefore, it is suggested that the 
fatigue properties of lamellar γ-TiAl cannot be improved by addition of Nb and Ta. However, 




4. Ti45Al2Nb2Ta shows much higher tensile yield strength than the other alloys, while it 
does not show any increase in fatigue crack propagation threshold. Thus, it may be of interest 
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